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We present major- and trace-element analyses of mineral phases

present in a suite of 16 garnet-peridotite xenoliths from the western

terrane of the Kaapvaal craton. The xenoliths were entrained by

a Group II Finsch kimberlite at 118 Ma, shortly prior to a major

metasomatic event that caused widespread enrichment of the

Kaapvaal lithospheric mantle. Compositionally homogeneous

grains of olivine, orthopyroxene, garnet and clinopyroxene and

coarse^equant textures indicate equilibrium relationships between

mineral phases in the majority of xenoliths. Pressure and tempera-

ture estimates suggest that clinopyroxene-bearing garnet peridotites

last equilibrated at 1130^12708C and 45^59 kbar whereas

clinopyroxene-free xenoliths record temperatures of 1000^10708C
and pressures of 34^42 kbar. The Finsch xenoliths plot on a con-

ductive palaeogeotherm with a surface heat flux of �46 mW m2.

Combined Ca and Cr abundances of Finsch pyrope garnets suggest

that both lherzolitic and harzburgitic parageneses are present.

Samples bearing sub-calcic (harzburgitic) garnets are from the

shallowest depths. The lherzolitic garnets are depleted in light rare

earth elements (LREE) relative to the middle and heavy REE

(MREE and HREE) and have ‘smooth’ chondrite-normalized

patterns. In contrast, the sub-calcic garnets are characterized by

sinusoidal chondrite-normalized REE patterns that peak at Nd

and Lu and exhibit lows at La and Er. The sub-calcic garnets

also have lower Zr, Hf, Ti and HREE, and higher LREE and

Sr, than lherzolitic garnets.The variations in REE ratios correlate

with temperature and pressure and also Cr/Ca ratio. The high Cr

content of harzburgitic and some lherzolitic Finsch garnets may

have a significant effect on the crystal framework. Substitution of

the larger Cr3þ ion for the smaller Al3þ ion increases with decreas-

ing temperature and pressure and distorts the crystal lattice; this

permits a greater substitution of Ca by large cations, such as Sr

and the LREE, but also limits the replacement of Al by Ti, Zr

and Hf. Positive HREE slopes displayed by harzburgitic garnets

on chondrite-normalized plots are believed to result from metaso-

matic enrichment by a melt that had already undergone significant

garnet fractionation during ascent through the lithospheric mantle.

The low-temperature Finsch peridotites are characterized by much

lower orthopyroxene (517%) and higher olivine (up to 96%)

modal abundances than have been reported from xenolith suites

elsewhere in the Kaapvaal craton. Significantly, they resemble

residues generated in partial melting experiments.The Finsch harz-

burgites have very low Al2O3 (0�18 wt %) and CaO (0�38 wt %)

and high MgO contents (49�75 wt %) and appear to be highly

refractory. They also have high bulk-rock Mg/(Mg þ Fe) and

high modal olivine contents, and in this respect resemble some of

those recently described from NW Canada and Greenland.We sug-

gest that some of the Finsch low-temperature peridotites represent

Kaapvaal lithospheric mantle that formed as a residue of adiabatic

decompression melting between 4�5 and 1�5 GPa. The inferred

mantle potential temperature of 15508C would have been similar

to that of ambient Archaean mantle. Importantly, it appears that

the sub-Finsch lithospheric mantle has remained unmodified by

the silica enrichment that has been so prevalent elsewhere in the

craton. This may reflect the remoteness from the subduction zone

that is believed to have been in existence at 2�9 Ga on the eastern

margin of the craton.

KEY WORDS: Kaapvaal craton; peridotite; harzburgite; mantle enrich-

ment, melt depletion

I NTRODUCTION
Mantle xenoliths provide a unique insight into the com-
position of the Earth’s deep interior and invaluable
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information on the thermal structure of the lithosphere.
They also offer an opportunity to constrain the melt deple-
tion and enrichment processes that have been involved in
the evolution of the Earth’s subcontinental lithospheric
mantle from Archaean to Recent times. Many mantle
xenoliths have, however, undergone extensive modification
since the time of their formation such that mineralogical
and geochemical evidence relating to processes involved
in the very early stages of lithosphere formation is over-
printed. For example, kimberlites from all of the major
cratons have entrained peridotite xenoliths that have
experienced mantle metasomatism (e.g. Dawson & Smith,
1977,1988; Harte et al., 1987; Pearson et al., 1995a; Kopylova
& Caro, 2004). This is widely believed to have resulted
from percolation of small-fraction volatile-rich melts
derived from the convecting mantle. Sometimes metaso-
matism is evident from the growth of ‘new’ phases such as
garnet, clinopyroxene and/or phlogopite but in other cases
only the mineral chemistry has changed. The latter,
‘cryptic’metasomatism (Dawson,1984), is especially appar-
ent in incompatible trace element concentrations and
ratios. Studies of pyrope garnets have shown that those
belonging to the harzburgite paragenesis (i.e. low Ca and
often high Cr), and believed to represent depleted mantle,
are characterized by sinusoidal chondrite-normalized rare
earth element (REE) patterns with a peak at Nd or Sm
and sometimes Lu. In contrast, lherzolitic garnets, thought
to typify fertile or metasomatized mantle, have smooth
chondrite-normalized REE patterns with a positive slope
for the light to middle REE (LREE to MREE) and
a fairly flat MREE to heavy REE (HREE) slope.
Furthermore, the low-Ca harzburgitic garnets usually
have higher LREE concentrations than the lherzolitic gar-
nets, which are often more Ca-rich. This paradox between
the major element and REE concentrations of mantle gar-
nets has provoked much discussion in the recent literature
(e.g. Stachel et al., 1998; Griffin et al., 1999a; Wang et al.,
2000; Bell et al., 2005). Although invoking a wide array of
processes to explain the variations in REE, most interpre-
tations suggest that the source of the sub-calcic garnets has
undergone metasomatism. If this is correct then much of
the subcratonic lithospheric mantle has been modified by
metasomatic enrichment since the time of its formation.
Indeed, trace-element and isotopic ratios of peridotitic dia-
mond inclusions suggest that enrichment of cratonic litho-
spheric mantle may have been operational since at least
�3�3 Ga (Richardson et al., 1984; Pearson et al., 1995b).
Incompatible trace-element enrichment of mantle xeno-

liths is also thought to occur as a result of the percolation
of melts associated with the host kimberlite (Kinny &
Dawson, 1992). Diffusion of both major and trace elements
through grains in mantle xenoliths is significantly slower
(hundreds of years; e.g. Van Orman et al., 2002) than the

timescale of kimberlite emplacement (days; Kelley &
Wartho, 2000) and this type of enrichment, immediately
prior to or during ascent, results in compositionally
heterogeneous grains. This is a common characteristic of
peridotite xenoliths entrained by Group I South African
kimberlites (e.g. Griffin et al., 1999c; Simon et al., 2003;
Burgess & Harte, 2004). As well as overprinting the origi-
nal mantle ‘signature’, chemical disequilibrium within and
between grains considerably restricts the application of
geothermometers and barometers.
A different style of metasomatism, involving SiO2-

enriched fluids and/or melts, has been attributed by some
to low-temperature (511508C) peridotite xenoliths from
the Kaapvaal and Siberian cratons. The orthopyroxene
contents and Si/Mg ratios of these xenoliths are higher
than those of residues generated in partial melting experi-
ments (e.g. Boyd, 1989). Recent studies have reinstated the
proposal of Kesson & Ringwood (1989) that the silica
enrichment results from the invasion of cratonic litho-
sphere by hydrous fluids and/or melts derived from a sub-
ducting slab (Rudnick et al., 1994; Kelemen et al., 1998;
Bell et al., 2005; Simon et al., 2007). This contrasts
with models which suggest that the ubiquitous high modal
orthopyroxene in low-temperature peridotites from the
Kaapvaal and Siberian cratons resulted from high-pressure
melting processes that occurred at the time of lithosphere
formation (Boyd, 1989; Herzberg, 1999).
In this study we report on a suite of peridotite xenoliths

entrained by the Finsch kimberlite from beneath the wes-
tern part of the Kaapvaal craton. The Finsch peridotites
are of particular interest because: (1) they display a conti-
nuum of compositions ranging from harzburgites to lher-
zolites; (2) unlike most peridotites from other parts of the
craton, all of the mineral phases are in chemical equilib-
rium; (3) the modal abundance of orthopyroxene in the
low-temperature peridotites is much less than previously
described from locations further east in the Kaapvaal
craton. It is, however, similar to that reported in recent
studies of xenoliths from Greenland and NW Canada
(e.g. Bernstein et al., 1998; Schmidberger & Francis, 1999).
We have combined our new petrographic and geochemical
results with those previously described for 3�3 Ga Finsch
peridotitic diamond inclusions (Richardson et al., 1984)
and xenoliths (Gurney & Switzer, 1973; Shee et al., 1982;
Skinner, 1989; Viljoen et al., 1992) to gain further under-
standing of the long-term lithospheric mantle evolution
of the Kaapvaal craton. Our detailed petrological and
geochemical study of all phases present in the Finsch
xenolith suite complements recent work on the Kaapvaal
craton that has focused on specific mineral phases,
such as pyrope garnet (e.g. Griffin et al., 1999b; Burgess &
Harte, 2004).
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GEOLOGICAL SETT ING AND
PREV IOUS INVEST IGAT IONS
OF F INSCH PER IDOTITES
The Finsch kimberlite cluster is located at 28821’S, 23828’E,
on the western margin of the Kimberley Block (Fig. 1).
It represents one of the westernmost kimberlite localities
described from the Kaapvaal craton. Kimberlite was first
identified in 1960 and diamond production at Finsch Mine
has been in operation since 1964. Fresh peridotite xeno-
liths were not, however, discovered until the late 1970s.

Detailed mapping has revealed the presence of three kim-
berlite pipes and three dykes (Ekkerd et al., 2003). These
intrude the Karoo and Griqualand West Groups. Erosion
has removed the Karoo sediments and the upper, crater-
facies parts of the pipes and exposed hypabyssal-facies
kimberlites. The F1 kimberlite is the dominant intrusion
but the rare mantle xenoliths (peridotites and eclogites)
were found in a small intrusion of melilite-rich phlogopite
kimberlite (F7) and a kimberlite breccia (F8), which repre-
sents the highest-grade ore-body at Finsch Mine (Ekkerd
et al., 2003).
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Fig. 1. Location of the Finsch kimberlite cluster and on the western margin of the Kaapvaal craton, together with other xenoliths mentioned in
the text. Seismic boundaries of the Kaapvaal craton and adjacent tectonic units are from Fouch et al. (2004) and Schmitz et al. (2004).
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In terms of their petrography and bulk-rock chemistry,
the Finsch kimberlites resemble other Group II southern
African kimberlites (Fraser & Hawkesworth, 1992). Rb^Sr
phlogopite ages suggest that Finsch was emplaced at 118�4
� 2�2 Ma, at a similar time to other Group II southern
African kimberlites; for example, those from BarkleyWest
and Boshof (Smith et al., 1985).
Combined petrographic descriptions and analyses of

major-element mineral chemistry are available in the pub-
lished literature for 15 garnet peridotites and a garnet web-
sterite (Gurney & Switzer, 1973; Shee et al., 1982; Smith
et al., 1985; Skinner, 1989; Viljoen et al., 1992). Radiogenic
isotope determinations have also been made on a small
number of peridotite xenoliths (Pearson et al., 1995a;
Griffin et al., 2004). In addition, geochemical studies have
been undertaken on the Finsch kimberlite concentrate
(Gurney & Switzer, 1973) and on peridotite and eclogite
diamond-inclusion suites (Gurney et al., 1979; Richardson
et al., 1984; Shimizu & Richardson, 1987; Smith et al., 1991;
Griffin et al., 1992; Appleyard et al., 2004).
At least four of the peridotite xenoliths previously

described from Finsch are known to be diamondiferous
(Shee et al., 1982; Viljoen et al., 1992). These, together with
those reported from Roberts Victor (Viljoen et al., 1994)
and Udachnaya (Sobolev et al., 1984), are amongst the lar-
gest known number of samples of diamondiferous perido-
tites from a single locality for which there is information
available in international published literature. Sm^Nd
model ages suggest that sub-calcic pyrope garnet inclusions
in Finsch diamonds formed at �3�3 Ga (Richardson et al.,
1984). Furthermore, the incompatible trace element and
Sm^Nd isotopic ratios of these garnets indicate that, prior
to diamond formation, the mantle had undergone both
melt depletion and enrichment events (Richardson et al.,
1984; Shimizu & Richardson, 1987). Re^Os ratios for both
whole-rock samples and sulphides in Finsch peridotites
confirm that a melt depletion event occurred prior to �3
Ga (Pearson et al., 1995a; Griffin et al., 2004). Considerably
higher and varied Nd isotopic ratios for garnets from the
Finsch peridotites, relative to those in the diamond inclu-
sions (Richardson et al., 1984; Shimizu & Richardson,
1987; Pearson et al.,1995a), suggest that lithospheric enrich-
ment may have continued until immediately prior to their
entrainment.

PETROGRAPHY
We have studied a total of 16 peridotite xenoliths from
Finsch Mine. Six of these were collected by J. B. Dawson
from the F7 intrusion, exposed in the open pit in 1979
(sample numbers with the prefix BD), and the remainder
were collected by J. Malarkey (F05JM sample numbers)
during a visit to the mine in 2005. The xenoliths are
rounded to ellipsoidal in shape and reach 450 cm in
diameter. They exhibit variable degrees of alteration.

Most xenoliths have a weathered outer surface but a rela-
tively fresh interior, and petrographically fresh material
was obtained in all but two cases (F05JM1 and BD3697A).
In the latter, olivine has been completely serpentinized but
the other phases are generally fresh. In the majority of the
xenoliths, alteration is restricted to cracks in olivine grains.
The Finsch mantle xenolith suite is dominated by

clinopyroxene-bearing garnet peridotites. Estimates of
modal mineralogy were made using image analysis soft-
ware (ImageJ�) on both thin sections and hand speci-
mens. The results are shown in Table 1. Both olivine and
orthopyroxene exhibit large variations in modal abun-
dances, varying from 60 to 96 modal % and from 1
to 33%, respectively. Small modal amounts of garnet
(1^8%) and clinopyroxene (0^5%) are also present.
Phlogopite is rare and tends to be restricted to the margins
of kelyphitic rims that surround garnet, or as a replace-
ment for clinopyroxene. The variations in modal mineral-
ogy that we have observed are similar to those reported in
previous studies of Finsch xenoliths (Table 1; Shee et al.,
1982; Skinner, 1989).
The most abundant textural type of mantle xenoliths at

Finsch are coarse^tabular peridotites (based on the defini-
tions of Harte, 1977). This texture is displayed by all of the
clinopyroxene-bearing xenoliths and is defined by tabular
grains of olivine and orthopyroxene that have straight
grain boundaries. Olivine forms 67^89 modal % of these
rocks and is up to 14mm in diameter. Orthopyroxene con-
tents vary between 7 and 33 modal %.The orthopyroxene
grains are up to 6mm in diameter and exhibit undulose
extinction. Garnet forms 3�5^8�3 modal % of the coarse^
tabular peridotites. The grains are red in hand specimen
and pink in thin section, rounded and are commonly
3^4mm in diameter, although a few reach up to 1cm
(Supplementary Images are available for downloading at
http://petrology.oxfordjournals.org). The garnets show no
evidence of recrystallization or shearing but usually have
thin kelyphitic rims. In the coarse^tabular peridotites,
clinopyroxene occurs as small (53mm), anhedral (often
lobate), emerald green, strain-free grains and constitutes
1^4�7 modal % of the rock. The clinopyroxenes often
have narrow (�200�m) ‘spongy’ corroded rims. In
F05JM6, the clinopyroxenes have well-developed exsolu-
tion lamellae that are truncated by the ‘spongy’ rims.
SEM back-scattered images and qualitative spectra ana-
lyses suggest that the rims and cores have the same compo-
sition; this indicates that the corroded rims are probably
the result of partial melting of the clinopyroxene, perhaps
during kimberlite emplacement. Only one sample
(F05JM2) displays evidence of recrystallization of olivine
to strain-free neoblasts and has extensively strained ortho-
pyroxene (i.e. has a porphyroclastic texture). Neither the
garnet nor clinopyroxene show evidence of recrystalliza-
tion in this sample.
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Clinopyroxene-free xenoliths (F05JM5, 8 and 9; BD3694
and 3695) have coarse^equant textures.These xenoliths are
very rich in olivine (80^96 modal %, Table 1) and have
variable amounts of orthopyroxene (2^18 modal %) and
low amounts of garnet (1^4 modal %). The olivine grains
have straight or smoothly curving grain boundaries and
are up to 12mm in length. They often display 1208 triple
junctions with orthopyroxene and appear to be in textural
equilibrium. They exhibit slight undulose extinction.
Orthopyroxene has diameters up to 5mm. Garnet is rela-
tively evenly distributed through the coarse^equant xeno-
liths. Grains are generally anhedral and range in size from
4 to 10mm. They have thick kelyphitic rims of spinel and
phlogopite and are readily distinguished from garnets in
the coarse^tabular peridotites by their lilac colour and
partially altered appearance (see Supplementary Images).

MINERAL CHEMISTRY
The major- and trace-element systematics of mantle phases
are highly dependent upon bulk-rock assemblages as well
as temperature and pressure. In harzburgites, garnet is
the major host of the REE, Sc, Y, Ti, Zr, Sr, Nb and
Hf whereas in lherzolites these trace elements are parti-
tioned between both garnet and clinopyroxene. Below we
summarize variations in the major- and trace-element con-
centrations of single phases and then consider the implica-
tions of these to our understanding of mantle processes.

Representative analyses of mineral phases are shown
in Table 2 and in the Supplementary Dataset (http://
petrology.oxfordjournals.org/).

ANALYT ICAL TECHNIQUES
Olivine, orthopyroxene, clinopyroxene and garnet were
analysed for major and some trace elements using a
Cameca SX100 electronprobe microanalyser equipped
with five wavelength-dispersive spectrometers at the
University of Cambridge. Both rim and core measurements
were taken for the garnets as well as a traverse across one
garnet in each section. During each analysis the beam vol-
tage was 15 kVand the beam diameter was 1�m. A current
of 10 nA was employed for major elements and 100 nA for
trace elements. The peak counting time was 20 s and back-
ground time half this. Standards were natural silicates,
pure oxides and metals. Details of detection limits are
given in the Supplementary Dataset.
Trace-element concentrations (Hf, Nb, Pb, Sc, Sr, Ta,

Th, U, REE) in clinopyroxene and garnet were deter-
mined using a New Wave UP213 Nd:YAG laser ablation
system interfaced to a Perkin^Elmer Elan DRC II induc-
tively coupled plasma mass spectrometer (ICP-MS)
system at the University of Cambridge. The diameter of
the laser beam was 120�m, the laser repetition rate was
10Hz and the laser power was �12 J/cm. The ICP-MS
data acquisition settings were two sweeps per reading,

Table 1: Summary of petrography and classification of Finsch mantle xenoliths

Distinguishing petrographic characteristics Modal abundance Garnet paragenesis

Texture Garnet appearance Phlogopite Olivine Opx Cpx Garnet Phlogopite from Ca vs Cr plot

BD3692 Coarse–tabular Fresh, red Replacing cpx 76�71 16�51 3�14 3�64 Trace Low-Cr lherzolite

BD3693 Coarse–tabular Fresh, red Replacing cpx 71�73 19�75 4�25 4�27 Trace Low-Cr lherzolite

BD3697A Coarse–tabular Fresh, red Replacing cpx 67�38 23�53 3�68 5�41 Trace Low-Cr lherzolite

BD3697B Coarse–tabular Fresh, red — 75�33 19�08 1�83 3�76 — Low-Cr lherzolite

BD3692 Coarse–tabular Fresh, red Replacing cpx 67�91 25�31 3�14 3�64 Trace Low-Cr lherzolite

JM1 Coarse–tabular Fresh, red — 88�62 6�94 0�86 3�58 — Low-Cr lherzolite

JM2 Porphyroclastic Fresh, red Replacing cpx 79�45 10�09 2�19 8�27 Trace Low-Cr lherzolite

JM3 Coarse–tabular Fresh, red Around gt rim 88�87 6�41 — 4�72 Trace Low-Cr lherzolite

JM4 Coarse–tabular Fresh, red — 60�17 33�24 1�27 5�32 — Low-Cr lherzolite

JM6 Coarse–tabular Fresh, red Replacing cpx 78�45 10�94 4�71 5�90 Trace Low-Cr lherzolite

JM7 Coarse–tabular Fresh, red — 81�43 14�10 0�95 3�52 — Low-Cr lherzolite

JM10 Coarse–tabular Fresh, red Replacing cpx 83�93 9�13 2�52 4�41 Trace Low-Cr lherzolite

BD3694 Coarse–equant Partially fresh, lilac — 80�15 17�70 — 2�15 — High-Cr Lherzolite

BD3695 Coarse–equant Partially fresh, lilac In vein 96�05 2�0 — 1�95 Trace High-Cr Lherzolite

JM8 Coarse–equant Partially fresh, lilac — 82�78 14�39 — 2�83 — High-Cr Lherzolite

JM5 Coarse–equant Partially altered, lilac — 95�08 0�90 — 4�01 — Dunite

JM9 Coarse–equant Partially altered, lilac — 92�42 6�66 — 0�91 — Harzburgite
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Table 2: Representative mineral analyses

Clinopyroxene

Lithology: Lherzolite

Sample no.: F05JM1 F05JM1 F05JM2 F05JM6 F05JM6 F05JM7 F05JM7 F05JM7 BD3692 BD3693 BD3693 BD3697A F05JM10 F05JM3

Grain: CPX2 CPX1C1 CPX3R1 CPX1C1 CPX3R1 CPX1 CPX2 CPX4 CPX2 CPX10C1 CPX3C1 CPX2C2 CPX4 CPX1

Location in grain: core rim core rim core core core

Major elements (wt%)

SiO2 55�01 55�44 54�76 55�26 55�34 55�26 55�24 54�98 55�65 55�26 55�30 55�26 54�77 55�14

TiO2 0�05 0�14 0�15 0�07 0�07 0�09 0�12 0�11 0�17 0�16 0�17 0�17 0�16 0�11

Al2O3 1�49 1�93 1�97 1�79 1�79 1�77 1�78 1�78 2�91 2�94 2�94 2�91 0�67 1�88

Cr2O3 1�67 1�29 1�31 1�27 1�25 1�47 1�55 1�47 1�77 1�79 1�83 1�79 1�88 1�93

FeO 2�27 2�81 2�86 2�51 2�52 2�57 2�77 2�72 2�39 2�39 2�35 2�34 2�39 2�42

MnO 0�08 0�10 0�10 0�09 0�10 0�10 0�11 0�11 0�08 0�10 0�08 0�07 0�10 0�09

MgO 18�13 17�85 17�69 17�89 17�92 17�76 17�76 17�84 16�33 16�47 16�42 16�54 18�12 17�72

NiO 0�05 0�05 0�07 0�06 0�07 0�07 0�04 0�05 0�05 0�05 0�06 0�04 0�05 0�05

CaO 19�45 18�67 18�65 19�24 19�34 18�68 18�67 18�91 18�32 18�14 18�14 18�21 20�46 18�31

Na2O 1�39 1�71 1�71 1�46 1�49 1�58 1�66 1�67 2�41 2�51 2�56 2�44 0�89 1�84

K2O 0�09 0�03 0�04 0�08 0�08 0�09 0�10 0�10 0�04 0�04 0�04 0�05 0�00 0�04

Total 99�68 100�03 99�30 99�72 99�97 99�42 99�79 99�75 100�09 99�83 99�89 99�81 99�49 99�53

Trace elements (ppm)

Ba 0�63 0�30 0�31 1�20 1�64 2�08 1�80 1�04 0�54 0�71

Ga 2�61 3�96 4�34 3�79 3�80 3�56 3�93 5�37 4�05 3�80

Hf 0�14 0�18 0�16 0�67 0�91 0�80 0�52 0�51 0�54

Nb 0�48 0�26 0�28 0�57 0�15 0�14 0�15 0�74 0�75 0�63

Ni 383 433 461 424 413 417 417 382 233 230

Pb 0�43 0�82

Sc 13�93 17�16 16�79 12�23 13�66 14�14 13�99 18�00 13�83 13�57

Rb 0�02 50�023 0�02 0�10 0�03 0�03 0�03 0�07 0�01 0�02

Sr 83�6 76�2 73�8 59�7 147 164 165 149 122 114

Th 0�03 0�03 0�02 0�04 0�05 0�04 0�11 0�10 0�12

Ti 317 847 834 670 673 666 883 775 761

U 0�00 0�01 0�01 0�02 0�01 0�01 0�03 0�03 0�02

Y 0�46 1�26 1�10 1�09 1�51 2�02 1�83 2�17 2�06 2�06

Zr 1�99 3�00 3�15 1�71 15�69 15�84 14�98 8�54 8�47 8�20

La 2�33 1�35 1�27 3�70 4�00 4�15 3�89 7�02 7�60 7�23

Ce 6�65 4�76 4�85 10�87 16�40 17�01 16�20 21�94 21�24 21�17

Pr 0�98 0�71 0�73 1�08 2�29 2�36 2�18 2�50 2�45 2�38

Nd 4�14 3�82 3�58 3�68 9�22 10�48 9�00 8�75 8�10 7�75

Sm 0�49 0�93 0�91 0�65 1�42 1�72 1�56 1�44 1�32 1�44

Eu 0�12 0�31 0�31 0�18 0�37 0�46 0�41 0�44 0�44 0�43

Gd 0�32 0�70 0�81 0�55 1�08 1�26 1�04 1�40 1�30 1�20

Tb 0�03 0�08 0�09 0�06 0�11 0�12 0�10 0�14 0�13 0�14

Dy 0�12 0�35 0�32 0�26 0�42 0�59 0�51 0�65 0�61 0�64

Ho 0�02 0�06 0�04 0�04 0�07 0�08 0�07 0�08 0�08 0�10

Er 0�04 0�11 0�09 0�10 0�12 0�16 0�15 0�18 0�18 0�17

Tm 0�00 0�01 0�01 0�01 0�01 0�02 0�02 0�02 0�02 0�02

Yb 0�03 0�08 0�06 0�04 0�07 0�08 0�08 0�08 0�08 0�10

Lu 0�01 0�01 0�01 0�01 0�01 0�01 0�02 0�01 0�01 0�01
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40 readings, one replicate. The dwell times for each mass
were dependent on the isotope and concentration of
the element in the samples but was typically 10^50ms. For
all data, NIST 610 was used for calibration of element
sensitivity. Calibration accuracy was verified by analysing
either NIST 612 or 614 and MPIDING standards as
unknown samples (see Supplementary Dataset); recoveries
were typically 90^110% of the values published by

Pearce et al. (1997) and Jochum (2006). The CaO content
of each garnet and clinopyroxene was used for internal
standard normalization of the trace-element signals.
ICP-MS drift during the analytical session was less than
10%. The data were processed, and concentrations calcu-
lated, using Glitter Software (GEMOC, Australia) which
allows precise selection of blanks, signals, and visualization
of data quality.

Table 2: Continued

Orthopyroxene

Lithology: Lherzolite Dunite Harzburgite

Sample: F05JM1 F05JM2 F05JM3 F05JM4 F05JM6 F05JM7 F05JM8 F05JM10 BD3692 BD3693 BD3694 BD3697B F05JM5 F05JM9

Grain: OPX1 OPX4C2 OPX5 OPX2C2 OPX5 OPX9 OPX3 OPX2PT1 2OPX2 OPX4C2 OPX5 OPX4 OPX3 OPX3

Location in grain: core core

Major elements (wt%)

SiO2 58�03 57�87 58�25 58�10 58�45 58�00 58�47 58�15 57�97 57�90 58�36 58�18 58�26 58�03

TiO2 0�03 0�08 0�05 0�03 0�04 0�04 0�03 0�08 0�07 0�05 0�01 0�03 0�04 0�04

Al2O3 0�55 0�65 0�62 0�56 0�60 0�57 0�51 0�61 0�67 0�67 0�52 0�59 0�48 0�56

Cr2O3 0�33 0�26 0�37 0�33 0�23 0�26 0�38 0�30 0�24 0�24 0�35 0�32 0�54 0�53

FeO 4�63 5�22 4�66 5�01 4�89 5�18 4�14 4�91 4�80 4�76 4�30 4�52 4�97 4�32

MnO 0�10 0�14 0�10 0�12 0�12 0�13 0�11 0�09 0�11 0�12 0�13 0�10 0�13 0�11

MgO 35�21 34�62 35�06 35�13 34�75 34�95 35�55 34�93 35�34 35�68 35�42 35�34 35�14 35�87

NiO 0�12 0�12 0�12 0�10 0�14 0�11 0�12 0�12 0�13 0�12 0�12 0�12 0�12 0�13

CaO 0�71 0�71 0�66 0�68 0�69 0�70 0�66 0�66 0�52 0�52 0�67 0�66 0�73 0�36

Na2O 0�15 0�17 0�18 0�12 0�15 0�17 0�10 0�19 0�17 0�19 0�09 0�13 0�17 0�11

Total 99�86 99�84 100�07 100�17 100�06 100�11 100�05 100�03 100�02 100�25 99�98 100�00 100�58 100�07

Olivine

Lithology: Lherzolite Dunite Harzburgite

Sample: F05JM2 F05JM3 F05JM4 F05JM6 F05JM7 F05JM8 F05JM10 BD3692 BD3693 BD3694 BD3695 F05JM5 F05JM9

Grain: Ol1 OL1 OL1 OL5 OL3 OL9 OL5 OL2 Ol1C1 OL1 BD5OL1 FJM5OL7 FJM9OL10

Major elements (wt%)

SiO2 41�63 41�38 41�44 41�37 41�20 41�73 41�42 41�34 41�41 40�97 41�42 41�26 41�50

TiO2 0�01 0�01 0�01 0�01 0�01 0�01 0�01 0�01 0�00 0�00 0�02 0�00 0�02

Al2O3 0�01 0�01 0�01 0�01 0�01 0�01 0�01 0�01 0�01 0�01 0�01 0�01 0�01

Cr2O3 0�02 0�04 0�01 0�04 0�03 0�05 0�03 0�04 0�03 0�05 0�05 0�08 0�04

FeO 8�87 7�65 7�90 8�30 8�34 7�02 8�11 7�85 8�03 7�65 7�53 8�20 7�30

MnO 0�11 0�11 0�08 0�09 0�11 0�11 0�12 0�08 0�09 0�09 0�08 0�11 0�09

MgO 49�12 50�11 50�00 49�73 49�89 50�64 49�88 50�42 50�56 50�87 50�36 49�77 50�65

NiO 0�38 0�38 0�36 0�41 0�39 0�39 0�43 0�44 0�42 0�40 0�36 0�41 0�41

CaO 0�04 0�04 0�05 0�04 0�04 0�05 0�03 0�03 0�02 0�03 0�04 0�04 0�02

Na2O 0�02 0�03 0�01 0�01 0�02 0�01 0�03 0�02 0�02 0�03 0�03 0�02 0�02

Total 100�22 99�75 99�88 100�01 100�05 100�02 100�06 100�25 100�61 100�11 99�90 99�90 100�06

(continued)
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Table 2: Continued

Garnet

Lithology: Lherzolite

Sample: F05JM1 F05JM1 F05JM2 F05JM2 F05JM3 F05JM3 F05JM4 F05JM4 F05JM6 F05JM6 F05JM7 F05JM7

Grain: 1Gt3C2 2Gt1C1 2Gt2R1 3GT1C2 3GT2C1 4GT3C1 4GT3R1 6GT2C1 6GT3R2 7GT1C1 7GT1R3

Location in grain rim core core rim core core core rim core rim core rim

Major elements (wt%)

SiO2 42�02 42�33 42�44 41�64 41�89 42�11 41�94 41�95 42�25 42�43 41�67 41�89

TiO2 0�23 0�22 0�41 0�41 0�32 0�31 0�17 0�18 0�21 0�22 0�29 0�28

Al2O3 18�55 18�42 20�39 20�26 18�84 18�58 18�99 18�81 20�49 20�56 19�31 19�52

Cr2O3 6�46 6�55 3�69 3�78 6�09 6�03 5�78 6�16 3�69 3�86 5�25 5�01

FeO 6�56 6�61 7�49 7�47 6�64 6�65 6�85 6�82 6�97 6�96 7�20 7�23

MnO 0�33 0�29 0�32 0�33 0�32 0�30 0�33 0�32 0�29 0�32 0�32 0�32

MgO 20�55 20�49 20�47 20�41 20�69 20�54 20�55 20�28 20�83 21�16 20�91 20�87

CaO 5�48 5�44 4�75 4�75 5�22 5�18 5�37 5�44 4�70 4�77 5�10 5�02

Na2O 0�04 0�02 0�07 0�06 0�04 0�06 0�03 0�03 0�03 0�03 0�04 0�04

P2O5 0�02 0�02 0�02 0�02 0�03 0�03 0�02 0�03 0�02 0�02 0�02 0�03

Total 100�24 100�38 100�05 99�11 100�10 99�80 100�04 100�02 99�48 100�33 100�12 100�21

Trace elements (ppm)

Ba 0�04 50�00 0�02 50�00 0�05 50�00 0�02 0�02 0�02 50�00 0�03 0�02

Ga 6�80 6�54 8�68 9�26 6�54 6�67 6�99 6�97 8�65 8�98 9�87 9�62

Hf 0�54 0�55 0�49 0�45 0�82 0�78 1�09 1�15 0�44 0�45 0�29 0�31

Nb 1�04 1�02 0�36 0�37 0�35 0�35 0�53 0�48 0�78 0�88 0�99 0�82

Ni 60�18 58�13 74�63 77�85 56�30 55�54 67�36 66�87 67�12 62�09 71�71 64�91

Pb

Rb 0�01 50�016 0�01 0�01 50�013 0�01 50�032 50�024 0�01 50�041 0�00 50�025

Sc 103�53 105�10 99�79 97�19 84�47 85�94 103�15 107�03 88�93 87�95 93�18 95�60

Sr 0�26 0�25 0�23 0�06 0�31 0�27 0�55 0�43 0�17 0�24 50�210 0�16

Ta

Th 0�04 0�02 0�01 0�03 0�01 0�03 0�03 0�02 0�04 0�02 0�04 0�06

U 0�04 0�05 0�01 0�03 0�02 0�01 0�03 0�03 0�03 0�04 0�09 0�07

Y 4�95 4�66 10�44 10�15 9�81 10�08 4�05 4�10 10�32 10�43 6�82 8�09

Zr 22�37 21�55 20�62 19�89 36�40 37�54 50�26 50�23 16�61 17�95 10�54 11�67

La 0�03 0�04 0�01 0�02 0�01 0�02 0�02 0�03 0�03 0�03 0�03 0�04

Ce 0�36 0�36 0�15 0�17 0�26 0�25 0�41 0�40 0�32 0�27 0�38 0�42

Pr 0�11 0�11 0�05 0�04 0�08 0�08 0�13 0�15 0�07 0�08 0�10 0�09

Nd 0�88 0�91 0�45 0�55 0�78 0�84 1�16 1�12 0�60 0�56 0�77 0�64

Sm 0�41 0�39 0�59 0�56 0�63 0�65 0�63 0�65 0�36 0�45 0�41 0�51

Eu 0�16 0�16 0�29 0�29 0�32 0�34 0�31 0�30 0�18 0�19 0�20 0�23

Gd 0�56 0�54 1�06 1�06 1�15 1�37 0�88 0�91 0�78 0�77 0�80 0�91

Tb 0�11 0�09 0�22 0�23 0�22 0�23 0�15 0�16 0�17 0�18 0�16 0�18

Dy 0�78 0�79 6�75 1�78 1�68 1�79 3�89 3�72 6�28 5�79 5�35 5�90

Ho 0�19 0�16 7�14 0�38 0�37 0�37 3�00 3�19 7�07 6�96 4�71 5�60

Er 0�57 0�49 7�51 1�18 1�07 1�12 2�34 2�90 8�21 7�54 5�08 5�38

Tm 0�10 0�09 8�02 0�19 0�17 0�18 2�32 2�72 9�07 9�35 4�05 4�89

Yb 0�85 0�85 8�61 1�28 1�24 1�27 2�52 3�37 9�88 9�69 5�71 6�74

Lu 0�16 0�12 9�31 0�22 0�20 0�21 3�26 3�79 10�69 11�14 5�89 6�91

(continued)
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Table 2: Continued

Garnet

Lithology: Lherzolite

Sample: F05JM8 F05JM8 F05JM10 F05JM10 BD3692 BD3692 BD3693 BD3693 BD3694 BD3694 BD3695 BD3695

Grain: 8GT4C1 8GT4R1 10GT3C2 10GT3R2 2GT1C1 2GT1R3 3Gt4C2 3Gt3R1 4Gt1C1 4Gt1R1 5GT1PT3 5GT2PT2

Location in grain: core rim core rim core rim core rim core rim

Major elements (wt%)

SiO2 41�76 41�32 42�08 42�34 42�40 42�76 42�16 42�50 41�69 41�03 41�27 41�24

TiO2 0�25 0�26 0�36 0�39 0�26 0�26 0�26 0�26 0�09 0�08 0�59 0�57

Al2O3 16�32 16�18 19�62 19�59 20�96 21�12 21�05 20�91 17�06 16�58 15�86 15�88

Cr2O3 9�16 9�17 4�79 4�94 3�15 3�11 3�20 3�49 8�45 8�49 9�38 9�39

FeO 6�20 6�13 7�06 6�98 7�23 7�26 7�23 7�35 6�48 6�48 6�52 6�57

MnO 0�31 0�33 0�34 0�33 0�33 0�31 0�35 0�31 0�33 0�31 0�34 0�34

MgO 19�74 19�56 20�92 21�12 21�32 21�24 21�38 21�33 19�38 19�72 19�47 19�69

CaO 6�29 6�28 4�75 4�85 4�29 4�24 4�25 4�32 6�22 6�23 6�23 6�22

Na2O 0�03 0�02 0�06 0�05 0�05 0�06 0�06 0�06 0�04 0�03 0�08 0�07

P2O5 0�02 0�03 0�03 0�02 0�03 0�03 0�03 0�03 0�02 0�02 0�04 0�03

Total 100�08 99�29 99�99 100�60 100�02 100�39 99�96 100�57 99�76 98�98 99�77 100�00

Trace elements (ppm)

Ba 0�06 0�03 50�152 50�00 50�00 0�01 50�00 0�02 50�00 50�00

Ga 4�25 3�81 7�40 7�23 6�41 6�41 5�03 5�45 5�17 5�05

Hf 0�40 0�47 0�47 0�53 0�35 0�31 0�42 0�33 0�11 0�08

Nb 1�74 1�89 0�36 0�33 0�39 0�38 0�41 0�39 0�66 0�66

Ni 35�95 35�16 60�84 54�95 51�22 50�70 31�53 35�49 63�67 61�95

Pb

Rb 0�06 0�01 0�01 50�00 0�01 50�009 50�028 0�01 50�025 50�037

Sc 90�77 96�35 90�31 84�88 67�01 65�80 60�68 58�02 116�69 119�15

Sr 0�84 0�84 0�32 0�27 0�12 0�23 0�23 0�19 0�89 0�59

Ta

Th 0�04 0�05 0�02 0�02 0�02 0�00 0�01 0�13 0�09 0�08

U 0�05 0�03 0�01 0�01 0�04 0�03 0�03 0�04 0�06 0�06

Y 3�65 3�67 9�11 9�80 14�68 13�90 16�48 15�17 2�72 2�57

Zr 14�66 15�37 16�58 20�63 16�08 15�98 17�55 16�98 4�42 4�05

La 0�12 0�11 0�01 0�02 0�03 0�03 0�02 0�03 0�08 0�05

Ce 1�13 1�05 0�20 0�19 0�33 0�34 0�35 0�36 0�92 0�87

Pr 0�29 0�28 0�06 0�07 0�09 0�09 0�09 0�11 0�25 0�26

Nd 1�77 1�76 0�71 0�70 0�62 0�68 0�72 0�66 1�72 1�66

Sm 0�64 0�65 0�61 0�56 0�53 0�49 0�57 0�55 0�46 0�47

Eu 0�20 0�23 0�29 0�29 0�28 0�27 0�29 0�30 0�14 0�15

Gd 0�64 0�68 1�01 1�12 1�22 1�22 1�40 1�33 0�43 0�40

Tb 0�12 0�10 0�19 0�23 0�27 0�24 0�31 0�29 0�07 0�07

Dy 2�80 2�80 1�55 1�74 2�27 2�21 2�53 2�32 0�45 0�46

Ho 2�58 2�60 0�36 0�36 0�54 0�54 0�62 0�55 0�12 0�10

Er 2�69 2�88 0�98 1�06 1�81 1�68 1�97 1�80 0�32 0�30

Tm 2�79 3�16 0�15 0�16 0�28 0�26 0�32 0�29 0�07 0�04

Yb 3�23 3�42 1�23 1�29 2�07 1�95 2�07 2�04 0�49 0�46

Lu 4�11 3�90 0�19 0�20 0�31 0�29 0�33 0�34 0�08 0�10
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Table 2: Continued

Garnet

Lithology: Lherzolite Dunite Harzburgite

Sample: BD3697A BD3697A BD3697B BD3697B F05JM5 F05JM5 F05JM9 F05JM9 F05JM9 F05JM9

Grain: 7AGt1 7AGt1 7BGT1C2 7BGT2C1 5GT1R2 5GT2R2 9GT1C2 9GT1R2 9GT3c1 9GT3R1

Location in grain: traverse traverse core core rim rim core rim core rim

Major elements (wt%)

SiO2 41�98 41�76 41�55 41�99 40�32 40�43 41�40 41�13 41�07 41�45

TiO2 0�26 0�25 0�19 0�19 0�45 0�46 0�08 0�09 0�10 0�09

Al2O3 20�94 21�21 19�46 19�61 12�21 12�36 14�69 14�50 14�59 14�66

Cr2O3 3�37 3�16 5�25 5�10 13�70 13�70 12�19 12�33 12�12 12�23

FeO 7�39 7�29 6�65 6�62 6�97 7�05 6�57 6�44 6�52 6�53

MnO 0�34 0�34 0�33 0�33 0�36 0�35 0�35 0�34 0�36 0�35

MgO 21�76 21�56 20�83 20�87 17�27 17�45 21�20 21�02 20�76 21�03

CaO 4�41 4�32 5�23 5�18 7�99 8�01 4�14 4�22 4�22 4�21

Na2O 0�08 0�07 0�03 0�05 0�03 0�03 0�02 0�02 0�02 0�01

P2O5 0�03 0�03 0�02 0�03 0�05 0�06 0�02 0�01 0�02 0�01

Total 100�56 99�97 99�55 99�97 99�35 99�90 100�67 100�11 99�79 100�58

Trace elements (ppm)

Ba 0�01 0�02 0�61 0�01 0�03

Ga 6�18 6�03 7�86 7�81 3�12 3�30 3�08

Hf 0�29 0�28 0�84 0�90 0�18 0�15 0�16

Nb 0�49 0�44 0�99 0�99 1�13 1�10 0�91

Ni 49�48 50�41 42�80 42�08 38�03 37�76 35�54

Pb 0�03

Rb 0�01 0�02 0�00 0�09 0�01 0�03 0�00

Sc 67�62 67�64 96�71 97�91 140�30 134�84 140�95

Sr 0�28 0�39 0�95 1�95 1�18 1�28 0�91

Ta 0�05 0�05

Th 0�01 0�01 0�06 0�03 0�05 0�05 0�08

U 0�02 0�02 0�09 0�08 0�10 0�09 0�12

Y 8�27 7�99 6�00 6�32 1�70 1�46 1�79

Zr 10�74 10�96 38�58 38�70 5�74 5�40 6�51

La 0�03 0�02 0�14 0�13 0�13 0�13 0�11

Ce 0�30 0�31 1�27 1�31 1�65 1�66 1�61

Pr 0�11 0�12 0�39 0�42 0�55 0�55 0�54

Nd 1�21 1�18 3�34 3�28 4�13 4�05 3�84

Sm 0�58 0�66 1�62 1�71 0�75 0�77 0�77

Eu 0�25 0�25 0�62 0�63 0�23 0�24 0�23

Gd 0�83 0�81 1�71 1�59 0�52 0�40 0�55

Tb 0�15 0�15 0�22 0�21 0�07 0�06 0�06

Dy 1�22 1�19 5�08 5�20 1�34 1�38 1�63

Ho 0�30 0�29 4�58 4�76 1�06 1�30 1�59

Er 0�90 0�96 4�19 4�19 1�25 1�06 1�13

Tm 0�15 0�15 4�01 4�29 1�09 1�13 1�34

Yb 1�21 1�16 5�16 5�16 1�24 1�61 1�80

Lu 0�19 0�19 5�77 6�10 2�32 2�32 2�80
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Garnet
Garnets in the Finsch mantle peridotites exhibit a limited
range in MgO (17�3^21�9wt %) and FeO (5�6^9�3wt %)
but show a very wide variation in CaO (1�7^8wt %) and
Cr2O3 (1�7^13�8wt %) contents (Table 2; Supplementary
Dataset; Gurney & Switzer, 1973; Gurney et al., 1979; Shee
et al., 1982; Skinner, 1989; Viljoen et al., 1992; Gru« tter et al.,
2006). Molar Mg/(Mg þ Fe þ Ca) ratios vary from 0.76 to
0.64 and indicate that the garnets are pyrope-rich. Single
garnet grains have a restricted compositional range and
do not show the pronounced systematic zonation that has
been described from many other Kaapvaal peridotites
(e.g. Smith & Boyd, 1992; Griffin et al., 1999a; Burgess &
Harte, 2004).
CaO vs Cr2O3 plots have been widely employed to

distinguish between pyrope garnets of different paragen-
eses and we have followed this approach (Fig. 2). On
the basis of CaO and Cr2O3 contents and the recently
updated classification scheme of Gru« tter et al. (2006), we
have divided the Finsch garnets into ‘lherzolitic’ and ‘harz-
burgitic’ types and subsequently we refer to the host xeno-
liths according to these parageneses. Most of the Finsch
garnets analysed in our study plot in the field of lherzolitic
garnets in Fig. 2 and are G9 garnets according to the
nomenclature of Dawson & Stephens (1976). This ‘lherzo-
litic’ trend indicates that the garnets were in equilibrium
with clinopyroxene, although this phase was not observed
in samples containing garnets with 48wt % Cr2O3. We
have, therefore, further subdivided the lherzolitic garnets
into ‘Low-Cr’ (58wt % Cr2O3) and ‘High-Cr’ types
(48wt % Cr2O3). This subdivision also correlates with

the textural variations in the Finsch xenoliths; the Low-
Cr lherzolitic garnets generally occur in xenoliths with
coarse^tabular textures whereas the High-Cr lherzolitic
garnets occur in samples that have coarse^equant grains
(Table 1). The highest Cr2O3 (13�8wt %) and CaO (8wt
%) contents occur in garnets in dunite F05JM5, which
contains virtually no ortho- or clinopyroxene (Table 1).
Zonation has been observed only in two of the Low-Cr
lherzolitic garnets, where cores have lower CaO and
Cr2O3 contents (by �0�5wt %) than the rims. The posi-
tive slope of the CaO vs Cr2O3 trend displayed by the
Finsch lherzolitic garnets is defined by the equation
Cr2O3¼2�7CaO ^ 8�6 and is thought to be both tempera-
ture and pressure dependent (Griffin et al., 1999a).
The least abundant type of garnets in the Finsch perido-

tites are those that plot in the field of G10 harzburgitic gar-
nets (e.g. F05JM9, Fig. 2).These are sub-calcic garnets that
contain 1�7^5�7wt % CaO and 13�5wt % Cr2O3. Their
undersaturation in Ca suggests that they were not in equi-
librium with clinopyroxene (Brey et al., 1990). In Fig. 2, the
harzburgitic garnets, and also those from dunite F05JM5,
exhibit an almost continuous positive linear trend; the
slope of this is slightly steeper than the isobaric trend pre-
dicted by Gru« tter et al. (2006).
The Finsch garnets display a wide variation in Al2O3

(12^22�5wt %) and exhibit a negative correlation between
this oxide and Cr2O3. Cr-number [Cr/(Cr þ Al)] varies
from 0�43 in the dunite, to 0�40^0�35 in the harzburgitic
garnets, 0�34^0�26 in the High-Cr lherzolitic garnets, and
to 0�19^0�09 in the Low-Cr lherzolitic garnets.
Peridotitic inclusions in Finsch diamonds also contain

pyrope garnets. These have higher MgO contents
(20^27�5wt %; Richardson et al., 1984) than garnets in
the Finsch peridotites. The pyrope garnet inclusions have
some of the lowest recorded CaO contents (51�42wt %)
and have a wide range of Cr2O3 contents (5�4^15wt %)
and Cr-number (44^15). Molar Mg/(Mg þ Fe þ Ca)
ratios vary from 0�93 to 0�73. On a CaO vs Cr2O3 plot
(Fig. 2), the garnets from peridotitic suite inclusions plot in
the field of harzburgitic garnets but lie away from the linear
trenddisplayedby sub-calcic garnets in the xenolith suite.
In addition to exhibiting large differences in their major-

element chemistry, the Finsch pyrope garnets have varied
trace-element concentrations and ratios. The lherzolitic
garnets are characterized by high Ti (500^2000 ppm),
Y (2�5^16�5 ppm), Lu (0�08^0�27 ppm) and Zr contents
(4^40 ppm) but low La (0�01^0�14 ppm), Sr (50�5 ppm)
and Sc (57^117 ppm) relative to the harzburgitic garnets
in which Ti¼ 500 ppm, Y¼1�7 ppm, Lu¼ 0�07, Zr¼ 5^10
ppm, La¼ 0�14 ppm, Sr �1ppm and Sc¼135 ppm (Fig. 3).
The highest contents of Sr (6^9 ppm) and lowest contents
of Ti (5200 ppm) and Zr (5^8 ppm) in Finsch garnets
occur in the diamond inclusions (Shimizu & Richardson,
1987). On mantle-normalized multi-element plots, all of
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the garnets have relative depletions at Sr and most are also
depleted inTi (Fig. 3). Additionally, the sub-calcic harzbur-
gitic garnets have troughs at Zr and Hf.
As has previously commonly been observed in peridotite

xenoliths and diamond inclusions from the Kaapvaal and
other regions of cratonic lithosphere, sinuous- or ‘humped’-
shaped chondrite-normalized REE patterns that peak at
Nd (or Sm) and have depletions at La and Er (and Tm)
are typically found in the harzburgitic (sub-calcic) garnets
whereas much flatter patterns with no pronounced peaks
or troughs are restricted to the lherzolitic garnets (Nixon
et al., 1987; Shimizu & Richardson, 1987; Hoal et al., 1994;
Shimizu et al., 1997; Stachel et al., 1998). The strong LREE/
HREE fractionation of the lherzolitic garnets resembles
pyrope garnets that crystallize in high-temperature melt-
ing experiments in which clinopyroxene is also present
(Fig. 4) (e.g. Hauri et al., 1994; Salters et al., 2002; Tuff &
Gibson, 2007). The Finsch garnets exhibit a continuum
from sinuous harzburgitic to smooth lherzolitic REE
patterns with the High-Cr lherzolitic garnets displaying
intermediate REE patterns (Fig. 4). The lherzolitic garnets
exhibit increasing LREE and decreasing HREE with CaO
content but the harzburgitic garnets plot away from these
trends (Fig. 5). LREE/MREE ratios are relatively constant
(e.g. [La/Nd]n �0�5^0�15) for garnets in all lithologies.We
have used chondrite-normalized Nd/Er and Er/Lu ratios
as a measure of the degree of sinuosity of the REE patterns
(Fig. 6). [Nd/Er]n ratios are 6^8 in the Low-Cr harzburgi-
tic garnets, two in the dunite and High-Cr lherzolitic
garnets and51 in the Low-Cr lherzolitic garnets; we note
that the highest [Nd/Er]n ratio (�12) is for a garnet from a

Finsch diamond inclusion analysed by Shimizu &
Richardson (1987). [Er/Lu]n ratios show the opposite var-
iation to [Nd/Er]n, being highest in the Low-Cr lherzolitic
garnets (0�5^1) and lowest in the Low-Cr harzburgitic gar-
nets (0�4). There are no Lu concentrations available for
garnet inclusions in Finsch diamonds.

Olivine
In the Finsch mantle xenolith suite, olivine Mg-number
([Mg/(Mg þ Fe)]� 100) varies from 89�6 to 93�7
(Table 2; Supplementary Dataset; Shee et al., 1982;
Richardson et al., 1984; Skinner, 1989; Viljoen et al., 1992).
The most Fe-rich olivines are present in xenoliths bearing
the Low-Cr lherzolitic garnets (Mg-number¼ 89�6^92�1)
and the dunite (91�8); Mg-rich olivines occur in samples
with High-Cr lherzolitic (91�36^93�67) and harzburgitic
garnets (92�6^92�94) but by far the most magnesian
olivines at Finsch are those present as diamond inclusions
(92�1^95�3; Table 2; Shee et al., 1982; Richardson et al. 1984;
Skinner, 1989; Viljoen et al., 1992). CaO (�0�04wt %) and
NiO (0�36^0�45wt %) exhibit little variation in Finsch
olivines.

Orthopyroxene
Single orthopyroxene grains in the Finsch peridotites show
no evidence of compositional zonation. They are enstatite
rich and have Mg-numbers that are slightly higher than
those of coexisting olivine. Orthopyroxene Mg-number
varies from 91�4 in the xenoliths with Low-Cr lherzolitic
garnets to 93�7 in those bearing High-Cr lherzolitic gar-
nets. Orthopyroxene in the harzburgite (F05JM9) also
has a high Mg-number (92�8) but the most magnesium-
rich orthopyroxenes observed at Finsch are those present in
peridotitic diamond inclusions (Mg-number¼ 94� 4^95�5;
Richardson et al., 1984).
The Al2O3 contents of the Finsch orthopyroxenes are

low (0� 47^0�68wt %) relative to those analysed from
most other Kaapvaal xenolith suites (Fig. 7). They are,
however, generally higher than those analysed in orthopyr-
oxenes from Finsch diamond inclusions, which have extre-
mely lowAl2O3 contents (0�11^0�66wt %; Fig. 7).
The CaO contents of Finsch orthopyroxenes vary with

rock type in the same way as CaO contents in garnets;
they are lowest in the sample with harzburgitic garnets
(�0� 4wt%) and highest in xenoliths containing lherzolitic
garnets (0�5^0�8wt %; Fig. 7). Orthopyroxenes from harz-
burgitic diamond inclusions have the lowest CaO contents
(50�3wt %) observed at Finsch. This is consistent with
experimental data suggesting that CaO contents of ortho-
pyroxene increase with temperature (Brey & Kohler,1990)
and/or increasing degree of metasomatism (see below).
TiO2 contents of all orthopyroxenes are low (0�7^0�8

wt%). Cr2O3 contents of orthopyroxene are low in xeno-
liths bearing lherzolitic garnets (�0�3wt %) and highest
in the rare grains that occur in the dunite (F05JM5) and
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Fig. 3. Mantle-normalized concentrations of trace elements present
in Finsch pyrope garnets representative of both lherzolitic (BD3692
and F05JM8) and harzburgitic parageneses (F05JM9). Elements are
plotted in order of increasing compatibility during mantle melt
generation. The composition of a pyrope garnet from a Finsch
diamond inclusion is shown for comparison. Data sources: Table 2;
Supplementary Dataset; Richardson et al. (1984); Shimizu &
Richardson (1987). Normalization factors are from McDonough &
Sun (1995).
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harzburgite (F05JM9; 0�5wt %). A negative relationship
exists between Cr2O3 and Al2O3 for orthopyroxene in
the lherzolitic xenoliths and reflects the substitution of
Al3þ for Cr3þ in the M1cation site. A different substitution
mechanism appears to occur in orthopyroxene in the
dunite and harzburgite, where Cr2O3 contents are high
for a given Al2O3 content. This relationship is similar to
that observed in the garnets (see above) and reflects the
absence of Cr-diopside in these samples such that all of
the Cr partitions into garnet and orthopyroxene.
The high CaO contents of orthopyroxene in Finsch

coarse^tabular garnet lherzolites, relative to those found
in coarse^equant garnet lherzolites (Fig. 7), suggest that
they equilibrated at higher temperatures. Furthermore,

the lowAl2O3 of orthopyroxene in the diamond inclusions
and harzburgites suggests that the geothermal gradient
beneath Finsch peridotites is unusually low for the
Kaapvaal lithosphere and/or that they equilibrated in
mantle with a lowAl2O3 content (see below).

Clinopyroxene
At Finsch, clinopyroxene is present only in xenoliths bear-
ing Low-Cr lherzolitic garnets and has not been observed
in peridotitic diamond inclusions. As has been described
for other phases, there is no evidence of compositional
zonation within grains. In the Finsch peridotite xenolith
suite, however, Mg-number ranges from 91�7 to 93�5 and
is higher and lower, respectively, than in coexisting olivine
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and orthopyroxene. Partitioning of Mg and Fe between
clinopyroxene and olivine is similar to that displayed by
orthopyroxene and olivine, and suggests that, for the
major elements at least, these phases are in equilibrium.
Ca/(Ca þ Mg) in the clinopyroxene exhibits very little

variation, ranging from 0� 435 to 0� 445. Cr2O3 contents
vary from 1 to 2wt %, indicating that they are
Cr-diopsides (Stephens & Dawson, 1977). The Cr-diopside
is rich inNa2O (1�3^2�4wt%) andhas low tomoderate con-
tents of Al2O3 (1�4^3wt %) and TiO2 (0�04^0�17wt %).
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Cr-diopsides in xenoliths bearing very low-Cr lherzolitic
garnets (BD3692, 3693, BD3697A) also have low Ca but
are enriched in Cr, Al, Na and Ti relative to Cr-diopsides
from samples with higher Ca lherzolitic garnets (F05JM1,

2, 3, 4, 6,7,10 and BD3697B; Fig. 8). Concentrations of CaO
and Al2O3 in clinopyroxene are strongly temperature
dependent but also vary with metasomatism, as do FeO,
TiO2 and Na2O. The latter also increases with pressure
(see below).
Compatible trace elements, such as Sc, are present in

similar concentrations in the Cr-diopsides but the incom-
patible trace elements exhibit more variation. Clinopyrox-
enes with the lowest Ca contents (i.e. from BD3692 and
3693) have the highest abundances of incompatible trace
elements in addition to Cr, Al, Na and Ti. For example,
concentrations of La range from 8�5 ppm in the ‘Low-Ca’
Cr-diopsides to 1�2 ppm in the ‘High-Ca’ Cr-diopsides. On
normalized multi-element plots, the Finsch clinopyroxenes
are characterized by variable (and sometimes large) nega-
tive Zr anomalies and slight but variable negative Ti and
Nb anomalies (Fig. 9). These elements show variable posi-
tive anomalies on the corresponding normalized plots for
coexisting lherzolitic garnets; this feature suggests that
the garnet^clinopyroxene partition coefficients for Nb, Ti
and Zr are greater than those for adjacent elements
(K, La, Sm, Hf, Eu, Gd).
The Cr-diopsides display a large and variable fractiona-

tion of LREE and HREE with [La/Yb]n ranging from 100
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to 800. Chondrite-normalized REE patterns generally
peak at Ce; BD3693, 3692, 3697A and F05JM1 exhibit less
fractionation of La and Ce ([La/Ce]n¼ 0�8^1�0) than the
other Cr diopsides (0�6^0�8).We have also identified subtle
differences in [Er/Lu]n, which, as for the garnets, are high-
est in the BD3693 and 3692.This suggests that, where these
phases coexist, they are in chemical equilibrium.The Low-
Ca Cr-diopsides (i.e. BD3692 and 3693) display peaks at
Th and U relative to adjacent elements (i.e. Rb, Ba and
K) on mantle-normalized multi-element plots (Fig. 9). In
the High-Ca Cr-diopsides, mantle-normalized concentra-
tions of Th and U are less than K, and [Th/U]n 41
whereas in the Low-Ca Cr-diopsides [Th/U]n 51. Our
observations of Cr-diopside trace-element chemistry are
consistent with the results of theoretical studies of pyrox-
enes (e.g. Wood & Blundy, 1997, 2001) which have shown
that the REE, Ba, K, Na, Rb, Sr, Th and U reside in the
large M2 cation site and that their partitioning is depen-
dent upon the amount of replacement of Ca2þ by Naþ

(i.e. REE3þ
þ Naþ¼ 2Ca2þ). Fractionation of Th and U

may reflect the temperature dependence of the lattice to
incorporate highly charged (4þ) ions.

THERMOBAROMETRY
OF F INSCH XENOL ITHS
Pressure and temperature (PT) estimates calculated from
published analyses of minerals present in Finsch xenoliths
suggest that some of the samples last equilibrated at
high pressures (�6 GPa) but relatively low temperatures
(12508C). These pressure estimates are some of the highest
recorded for the Kaapvaal craton. Furthermore, these
‘cold’ and very ‘deep’ mantle xenoliths have been used as
strong evidence that the conductive geotherm beneath the

Kaapvaal craton has not been perturbed by heating
events immediately prior to xenolith entrainment (Bell
et al., 2003).
We have employed various combinations of the most

commonly used two-pyroxene solvus geothermometers
(TBKN, Brey & Kohler, 1990;TFB, Finnerty & Boyd, 1987)
together with Al-in-opx barometers (PBBG, Brey et al.,
2008; PBKN, Brey & Kohler, 1990; PMcG, MacGregor for-
mulation published by Finnerty & Boyd, 1984) to estimate
the pre-eruption equilibration conditions of
clinopyroxene-bearing Finsch peridotites. Pressure and
temperatures were calculated iteratively and the results
are shown in Table 3 and Fig. 10. Pressures and tempera-
tures for clinopyroxene-free peridotites were similarly esti-
mated using the olivine^garnet Fe^Mg exchange
thermometer of O’Neill & Wood (1979) (TONW) with
PBBG, PBKN and PMcG Al-in-opx barometers. Different
combinations of these geobarometers (excluding PBBG)
and thermometers have been used in recent studies (e.g.
Bell et al., 2003; Burgess & Harte, 2004; Simon et al., 2007),
and allow comparison of our results from Finsch with those
from other Kaapvaal xenolith suites.
The recently published Al-in-opx barometer of Brey

et al. (2008) includes results from new high-pressure (6^10
GPa) multi-anvil experiments. Pressure estimates for the
Finsch lherzolites derived by combining this barometer
(PBBG) withTBKN are up to �13 and 16 kbar lower than
those calculated using PBKN vsTBKN and PMcG vsTBKN,
respectively (Table 3). This equates to differences in
equilibration depths of up to 50 km and has a huge effect
on estimates of geothermal gradients and lithospheric
thickness (see below). Despite the fact that PBBG relies on
the same low- to medium-pressure experimental results as
PBKN (2�8^6 GPa; Brey et al., 1990) we note that, for Finsch
lherzolites that equilibrated at shallow depths (equivalent
to �50 kbar), the pressure estimates from PBBG are signifi-
cantly lower than those from PBKN. The PBBG vs TBKN/
TONW combination places a diamond-bearing lherzolite
(XM48; Shee et al., 1982) and two diamond-bearing harz-
burgites (865 and 866; Viljoen et al., 1992) shallower than
the graphite^diamond stability field boundary (Fig. 11);
only diamond-bearing xenolith XM46 (Shee et al., 1982)
plots in the diamond stability field. The 1� error associated
with PBBG (�3 kbar; Brey et al., 2008) is such that the P

estimates for XM48 and 865 are within error of the dia-
mond stability field. This is not the case for harzburgite
866, which plots at a significantly lower pressure than
the graphite^diamond phase boundary of Kennedy &
Kennedy (1976). This deviation may, however, reflect the
sensitivity of TONW to Fe3þ (Canil et al., 1994; Canil &
O’Neill, 1996). The effects on PTestimates associated with
errors in the calculation of Fe3þ are shown in Fig. 11. Here
we have used Fe3þ contents calculated from Mo« ssbauer
spectroscopy to calculate equilibration pressures and

0.01

0.10

1.00

10.00

100.00

Rb
Ba

Th
U

K
Nb

La
Ce

Pb
Pr

Sr
Nd

Sm
Zr

Hf
Eu

Ti
Gd

Tb
Dy

Ho
Y

Er
Tm

Yb
Lu

Sc
Ni 

C
p

x/
p

ri
m

it
iv

e 
m

an
tl

e

FJM1CPX2
BD3CPX10C1

FJM2CPX3R1
FJM6CPX3R1
FJM7CPX4

BD2CPX2

FJM10CPX1

Decreasing temperature (1270-1190°C)

Fig. 9. Primitive-mantle-normalized multi-element patterns of
Cr-diopsides from Finsch peridotites. Data are fromTable 2 and the
Supplementary Dataset. Normalization factors are from McDonough
& Sun (1995).

JOURNAL OF PETROLOGY VOLUME 49 NUMBER 10 OCTOBER 2008

1832

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/49/10/1817/1426042 by guest on 21 August 2022



temperatures for the one Finsch sample (865) for which
there are published data (Canil & O’Neill, 1996). This dia-
gram shows that increasing the Fe3þ content of both garnet
and orthopyroxene to those accurately determined for this
harzburgite will increase estimates of both temperature
and pressure derived from PBBG vs TONW. Nevertheless,
TBKN is insensitive to calculation of Fe3þ and problems
associated with the estimation of this from microprobe
analyses cannot explain why a diamond-bearing lherzolite

from Lesotho (BD2125; Dawson & Smith,1975) plots in the
graphite stability field (Fig. 11).
Using the previously widely used PBKN vsTBKN combi-

nation, four literature samples (XM46, SK869, 691, 725)
gave very-high pressure estimates (63^68 kbar). These
xenoliths contain orthopyroxenes with a low jadeite com-
ponent (because of low Na and/or high Ti; Shee et al.,
1982; Skinner, 1989), which causes an overestimate of pres-
sure by �6 kbar and the xenoliths plot well below the

Table 3: Summary of petrographic variations and PTestimates for Finsch mantle xenoliths

Sample Garnet

paragenesis

Texture PBBG TBKN PBBG TO’N&W PBKN TBKN PBKN TFB PBKN TO’N&W PMcG TBKN PMcG TONW

F05JM9 Harzburgite Coarse–equant 34�41 1016 41�60 1048 56�53 1116

F05JM5 High-Cr Lhz Coarse–equant 34�90 1018 44�20 1057 58�91 1118

866 Harzburgite Coarse 35�33 1005 43�50 1040 58�41 1106

SK882 High-Cr Lhz Coarse–equant 37�71 1018 45�80 1053 56�12 1098

BD3695 High-Cr Lhz Coarse–equant 36�23 1051 43�10 1080 59�02 1148

SK729 High-Cr Lhz ? 39�33 1037 51�40 1087 59�48 1120

BD3694 High-Cr Lhz Coarse–equant 39�85 1068 49�00 1107 60�52 1156

F05JM8 High-Cr Lhz Coarse–equant 41�44 1065 51�60 1108 60�36 1146

865� Low-Cr Lhz Coarse 43�57 1085 52�50 1131 62�76 1177

BD3697B Low-Cr Lhz Coarse–tabular 45�64 1143 51�42 1152 47�97 1098 59�31 1167

F05JM1 Low-Cr Lhz Coarse–tabular 46�40 1176 53�51 1189 48�49 1108 63�11 1208

XM48 Low-Cr Lhz Coarse (tabular?) 46�65 1133 54�12 1147 52�28 1118 61�99 1162

F05JM4 Low-Cr Lhz Coarse–tabular 46�73 1174 53�75 1186 48�58 1106 62�54 1203

SK695 Low-Cr Lhz ? 46�96 1181 55�69 1197 50�67 1116 63�12 1212

BD3697A Low-Cr Lhz Coarse–tabular 47�92 1146 51�69 1153 47�19 1084 56�91 1163

JJG545 Low-Cr Lhz ? 48�31 1194 56�94 1213 53�80 1175 61�63 1223

JJG147 Low-Cr Lhz ? 48�35 1154 54�70 1171 53�33 1117 61�75 1179

F05JM10 Low-Cr Lhz Coarse–tabular 49�89 1206 56�81 1219 51�86 1146 63�20 1232

F05JM7 Low-Cr Lhz Coarse–tabular 50�30 1216 57�97 1231 51�37 1137 64�59 1245

BD3693 Low-Cr Lhz Coarse–tabular 50�36 1172 54�59 1180 49�15 1099 58�61 1180

F05JM2 Low-Cr Lhz Porphyroclastic 50�34 1207 56�11 1219 50�05 1131 62�16 1231

JJG479 Low-Cr Lhz ? 51�96 1126 57�81 1137 55�47 1105 55�80 1133

F05JM6 Low-Cr Lhz Coarse–tabular 52�31 1213 58�60 1225 51�92 1128 63�99 1236

SK880 Low-Cr Lhz Mosaic-porphyroclastic 53�08 1229 58�86 1241 50�99 1128 63�20 1250

SK871 Low-Cr Lhz Granuloblastic 53�29 1166 54�72 1174 50�88 1083 57�72 1175

XM46 Low-Cr Lhz Coarse (Coarse–tabular?) 53�29 1213 64�63 1234 59�84 1165 69�37 1243

BD3692 Low-Cr Lhz Coarse–tabular 54�64 1252 59�66 1267 46�47 1068 64�74 1277

SK691 Low-Cr Lhz Coarse–equant 54�88 1242 67�63 1267 58�32 1157 64�75 1263

SK725 Low-Cr Lhz ? 54�19 1187 68�08 1214 60�57 1111 63�16 1204

SK869 Low-Cr Lhz ? 58�90 1264 63�48 1274 55�89 1168 64�99 1277

Abbreviations of barometers and thermometers are as follows: PBBG, Brey et al. (2008); PBKN, Brey & Kohler (1990);
TBKN, Brey & Kohler (1990); TFB, Finnerty & Boyd (1987); TONW, O’Neill & Wood (1979); PMcG, Finnerty & Boyd (1984).
Pressures are given in kbar and temperatures in8C. Data sources are Table 3; Gurney et al. (1979); Shee et al. (1982);
Skinner (1989); Viljoen et al. (1992).
�No cpx analysis available for this sample.
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geotherm (see below). Using the PBBG vsTBKN combina-
tion, we note that lherzolites SK725, SK871 and SK869
(together with JJG470; Gurney et al.,1979) have much shal-
lower pressure estimates but plot well below the geotherm
defined by other Finsch samples (Fig. 10a); this may indi-
cate analytical problems or the presence of disequilibrium
phases.
Temperature and pressure estimates for Finsch perido-

tites with Low-Cr lherzolitic garnets are in the range of
1130^12658C (TBKN) and 45^59 kbar (PBBG), respectively
(Table 3), and the xenoliths show a systematic change in
temperature with depth (Fig. 10b). According to PT

estimates determined using PBBG vs TONW, the cpx-free
peridotites (which include xenoliths with High-Cr lherzo-
litc garnets) equilibrated at the lowest temperatures
(1000^10708C) and pressures (34^42 kbar) and all plot
above the diamond^graphite phase boundary (Fig. 10b).
As beneath other parts of the Kaapvaal craton (e.g.
Jagersfontein and northern Lesotho), PTestimates suggest
that the harzburgites are derived from the shallowest
depths (Burgess & Harte, 1999; Simon et al., 2003;
S. A. Gibson et al., unpublished data).We note that several
of the cpx-free peridotites plot above the geotherm
(Fig. 10b). This may be due to the sensitivity of the olivine^
garnet Fe^Mg exchange thermometer of O’Neill & Wood
(1979) to the calculation of Fe3þ as described above.

We have used the results of our PT calculations for the
Finsch xenoliths to estimate the thickness of the mechani-
cal and thermal boundary layers beneath the west of the
Kaapvaal craton. This part of the craton was unaffected
by the 2 Ga Bushveld magmatic event. Seismic studies
have produced varied thickness estimates for the litho-
sphere beneath Finsch, ranging from �250 to 300 km
(James & Fouch, 2002) and 180 km (Li & Burke, 2006;
Priestley & McKenzie, 2006). If we assume a crustal thick-
ness of 38 km (Nair et al., 2006) and a mantle potential
temperature of 13158C, the Finsch samples fall on a
geotherm with a surface heat flux of 44�5 mW m2 (PBKN

vsTONW/TBKN; Fig. 10a) or 45�7 mW m2 (PBBG vsTONW/
TBKN; Fig. 10b). These palaeogeotherms intersect the
diamond^graphite phase boundary at depths of 135 and
150 km, respectively. This geothermal gradient is slightly
hotter than has sometimes been calculated in previous
studies (35^40 mW m2, e.g. Finnerty & Boyd, 1987; Griffin
et al., 2003) and reflects the fact that we have used the con-
stant lithospheric mantle heat-flux values of McKenzie
et al. (2005) to calculate the conductive geotherm rather
than the commonly used variable conductivity values of
Pollack & Chapman (1977). Assuming that the tempera-
ture of the convecting mantle was 13158C immediately
prior to eruption of the Finsch kimberlite, our calculations
show that the base of the Cretaceous mechanical boundary
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layer (MBL) would have been at a depth of 181km or
165 km for conductive mantle geotherms of 44�5 mW m2

(PBKN vs TONW/TBKN) or 45�7 mW m2 (PBBG vs TONW/
TBKN), respectively. If, however, we assume that the Tp

of the sub-Kaapvaal convecting mantle was 15008C at the
time of Finsch kimberlite genesis (i.e. the region was
underlain by a mantle plume), then the base of the
Cretaceous Kaapvaal MBL may have been at a depth
of �208 km (PBKN vs TONW/TBKN) or 190 km (PBBG vs
TONW/TBKN). These estimates of Cretaceous lithospheric
thickness, regardless of the different combinations of geo-
barometers and thermometers used in the xenolith PTesti-
mates, are similar to those of 180 � 20 km suggested for the
present-day Kaapvaal keel by Li & Burke (2006) and
Priestley & McKenzie (2006).

MINERAL^MELT PARTIT ION
COEFF IC I ENTS
Mineral^melt partition coefficients (D values) for trace
elements are strongly linked to the major-element

composition of an individual phase, which is controlled by
the prevailing PT conditions and the bulk-rock composi-
tion. D values are usually determined from the results of
experimental studies but most of these are undertaken at
much higher temperatures than those existing in the litho-
spheric mantle. Partition coefficients derived from natural
lithospheric mantle assemblages of equilibrium phases are
therefore believed to be more appropriate for mantle xeno-
lith studies (Harte et al., 1996). Burgess & Harte (2004) cal-
culated DGrt^melt values over a range of temperatures
(900^14008C) by combining ion-probe analyses of coexist-
ing garnets and clinopyroxenes with the experimentally
determined low-alumina DCpx^melt values of Grutzeck
et al. (1974) and Hart & Dunn (1993). Their calculations
used DCpx^melt values determined at 13808C (Hart &
Dunn,1993) and 12658C (Grutzeck et al., 1974) and ignored
any dependence of D values on temperature. A recent
study by Tuff & Gibson (2007) has, however, shown that
DCpx^melt values decrease by �20% with a 1008C increase
in temperature.
We analysed adjacent grains of Cr-diopside and garnet

in four Finsch peridotites that last equilibrated between
1150 and 12308C for 26 trace elements by LA-ICP-MS.
To calculate DGrt^melt values for all of the 14 REE, Yand
Sc we estimated, using the lattice-strain model of Blundy
& Wood (1994, 2003) andWood & Blundy (1997), and the
data of Hart & Dunn (1993), the theoretical DCpx^melt

values at 12008C. The lattice-strain model of Blundy &
Wood (1994) is able to predict REE partitioning behaviour,
which is commonly expressed by plotting the partition
coefficient as a parabolic function of the ionic radius of a
given REE (Fig. 12). The parabola varies in height and
width with varying pressure, temperature and composi-
tion. Hart & Dunn (1993) published analyses for only
eight REE in their original experimental dataset and so
we extrapolated the results of our lattice strain model
to estimate D values for the remaining REE (Fig. 12 and
Table 4). We used the published DCpx^melt values of Hart
& Dunn (1993) for the remaining trace elements and then
followed the method of Harte et al. (1996) and Burgess &
Harte (2004) to estimate DGrt^melt values (Table 4). For
the REE, our results are similar to those determined for
natural (Burgess & Harte, 2004) and synthetic pyrope gar-
nets (VanWestrenen et al., 2000) (Fig. 13).We note that our
DGrt^melt values for Lu, which range from 6�5 to 10�2, are
�50% lower than those estimated by Burgess & Harte
(2004) but are consistent with those predicted by lattice-
strain models (Fig. 12).
When plotted against ionic radii, the DGrt^melt values

that we have obtained for the REE, Sc and Y from the
Finsch xenoliths display a parabolic pattern (Fig. 12) and
conform closely to the partition coefficients predicted by
the lattice-strain model of Blundy & Wood (1994, 2003).
The parabolic pattern of DGrt^melt values displayed in
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Fig. 12 confirms that all of the REE were in equilibrium in
the adjacent grains of garnet and clinopyroxene. In xeno-
lith suites that exhibit REE disequilibria between these
phases (as has been shown for northern Lesotho; e.g.
Simon et al. 2003) the calculated DGrt^melt values display
a sigmoidal trend when plotted against ionic radii
(S. A. Gibson et al., unpublished data). We have used the
equations of Blundy & Wood (1994) to calculate the
strain-free partition coefficient (Di) for an X-cation site
with an effective radius of 0�0912 nm and aYoung’s modu-
lus of 550 GPa.The (Di) value (11�7) that we have obtained
for the parabolic dependence of the REE and Sc in the
octahedral site in Finsch garnets is higher than that pre-
dicted for pyrope garnets in experimental studies (4�8) but
reflects the lower equilibration temperatures of the former
(1150^12508C) relative to the latter (1425^15508C; Van
Westrenen et al., 1999; Tuff & Gibson, 2007).

CAUSE OF SINUSOIDAL REE
PATTERNS IN SUB -CALC IC
GARNETS
The high LREE concentrations in sub-calcic harzburgitic
garnets, relative to those of lherzolitic garnets, are incon-
sistent with their formation as single-stage melting residues

of a fertile lherzolite source.Various hypotheses have been
proposed to account for this discrepancy and also the
difference in shape of the REE patterns exhibited by lher-
zolitic and harzburgitic garnets.
(1) Slow rates of diffusion of HREE. Hoal et al. (1994) and

Shimizu et al. (1997) suggested that only the lherzolitic gar-
nets had reached full equilibrium with an infiltrating
metasomatic melt. They interpreted variations in REE
patterns as a result of chemical modification or fractiona-
tion of garnet, and suggested that sinusoidal patterns
reflected decreasing rates of REE diffusion with decreasing
ionic radius. Such a‘disequilibrium metasomatism’ hypoth-
esis is not, however, supported by more recent work, which
has shown that REE with different ionic radii have similar
diffusion coefficients (Van Orman et al., 2002).
(2) Limited equilibrium with a metasomatic carbonatite melt.

Griffin et al. (1999b) proposed that sinuous REE patterns
are due to the reduced number of cation sites available
for LREE substitution in low-Ca (harzburgitic) garnets
relative to those in high-Ca (lherzolitic) garnets. In
the Finsch peridotites only the lherzolitic garnets show
a good correlation between Ca and LREE concentration
(Fig. 5) and incorporation of LREE into the sub-calcic
garnets appears to involve a different substitution
mechanism.
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Fig. 12. Onuma diagrams showing the variation of mineral^melt partition coefficients for garnets (a, b) and clinopyroxene (c, d). Garnet^melt
partition coefficients were calculated from analyses of adjacent grains of clinopyroxene and garnet using the method described in the legend for
Table 4. (c) shows the DCpx^melt values determined from the experimental study of Hart & Dunn (1993) which was conducted at 13808C.
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(3) Garnet fractionation from ascending metasomatic silicate

melts. Burgess & Harte (2004) suggested that the composi-
tions of ascending metasomatic melts control the REE pat-
terns of mantle garnets. They proposed that high-pressure
garnet fractionation caused depletion of HREE in the

metasomatic melt, which subsequently ascended through
the lithospheric mantle and crystallized sub-calcic garnets
with ‘humped’ REE patterns.
(4) Spatial and temporal variations in melt/rock ratios. Wang

et al. (2000) proposed that the behaviour (open or closed

Table 4: Garnet^melt partition coefficients

Xenoliths Experimental

Finsch Kaapvaal (Burgess FCMAS (Van

Sample: BD3693 F05JM7 BD3679A F05JM10 & Harte, 2004) Westrenen et al., 2000)

Composition: Py75Gr11Alm14 Py73Gr12Alm15 Py75Gr11Alm14 Py74Gr12Alm14 Py72Gr19Alm9

Pressure: 5�49 5�78 5�17 5�68 3

Temperature: 1227 1231 1153 1219 1200 1540

Th 0�003 0�023 — 0�012 — 0�026

U 0�014 — 0�009 0�024 — 0�038

K 0�001 — — — — —

Pb 0�005 — 0�008 0�012 — —

Nb 0�003 0�045 0�004 0�01 — 0�017

Ta 0�008 — 0�006 0�023 — 0�024

Zr 0�2 0�11 0�27 0�75 — 0�39

Hf 0�12 0�1 0�16 0�33 — 0�38

Sr 0�0007 0�0002 0�0002 0�0007 — 0�02

La 0�0004 0�0004 0�0003 0�0006 0�0007 0�018

Ce 0�002 0�002 0�001 0�002 0�005 —

Pr 0�005 0�007 0�006 0�005 — 0�043

Nd 0�014 0�013 0�019 0�016 0�038 —

Sm 0�109 0�102 0�128 0�099 0�181 0�23

Eu 0�226 0�235 0�273 0�228 0�311 —

Gd 0�384 0�365 0�423 0�448 — —

Tb 0�87 1�02 1�09 1�05 — 1�16

Dy 1�49 1�71 2�11 1�73 1�495 —

Y 3�24 2�83 3�39 4�31 — —

Ho 3�58 2�64 3�66 2�88 — —

Er 4 4�27 5�48 4�54 — 2�4

Tm 6�78 5�81 8�38 5�92 2�59 —

Yb 9�59 8�55 9�56 8�24 — 5�14

Lu 8�13 6�59 10�2 6�55 19�81 6�29

Sc 4�18 8�34 4�58 6�83 — 4�41

Ti 0�72 1�08 0�65 1�24 — 0�2

Pressures are given in kbar and temperatures in8C. Adjacent grains of clinopyroxene and garnet were analysed by
LA-ICP-MS (see analytical techniques). Garnet-melt partition coefficients were then calculated using the equation

DGrt�melt
Y ¼ D

Cpx�melt
Y � �

Cpx
Y =�Grt

Y , where D is the mineral–melt partition coefficient of element Y and � is the

concentration of element Y in a given phase. DCpx–melt values are from the experiments of Hart & Dunn (1993) conducted

at 13808C and 3 GPa. We used the equations of Blundy & Wood (2003) to recalculate the DCpx–melt values of Hart &
Dunn (1993), for the REE and Y, to a temperature similar to that at which the Finsch xenoliths last equilibrated (12008C).
Otherwise, the method for calculating garnet–melt partition coefficients is exactly the same as that of Harte et al. (1996)
and Burgess & Harte (1999). Estimates of garnet–melt partition coefficients derived from recent studies on peridotite
xenoliths and synthetic experiments are shown for comparison.
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system) of infiltrating metasomatic melts would depend on
the distribution and proportion of veins relative to the host
rock. Chemical equilibrium of garnet and an infiltrating
LREE-rich carbonatite melt will be achieved only by the
open-system behaviour that occurs when there is a high
melt/rock ratio.Wang et al. (2000) proposed that sub-calcic
garnets form in systems where the melt/rock ratio is low
and that do not achieve this equilibrium.
(5) Multi-stage tectonomagmatic processes. It has been

suggested that the sinuous REE patterns displayed by
harzburgitic garnets reflect their multi-stage formation.
Stachel et al. (1998) proposed a tectonomagmatic model
involving the following sequence of events: (a) polybaric
melting, initially in the garnet stability field and extending
into the spinel stability field, resulting in harzburgite for-
mation and removal of the LREE and MREE from the
residue; (b) lithospheric thickening to levels at which
garnet is the stable aluminous phase, causing HREE frac-
tionation; (c) metasomatism of harzburgite by percolating
methane-rich fluids with variable Si and high LREE/
HREE ratios, which were also involved in diamond forma-
tion. Similar models have been invoked by Bell et al. (2005),
Westerlund et al. (2006) and Simon et al. (2007), who
proposed that the subduction-related fluids were Si-rich
and associated with the transformation of olivine to
orthopyroxene.

Relationship between major elements
(Ca and Cr) and REE partitioning
in mantle garnets
Few data are available on the substitution mechanisms of
trivalent cations, such as the REE, in natural garnets.
In synthetic systems (e.g. CMAS and FCMAS), the REE
are thought to substitute for Ca in the garnet X-cation site.
Experimental studies of pyrope garnets have shown that

a large change in grossular content (Py82Gr18 to Py15Gr85)
has a greater effect on D values for the LREE than for the
HREE. This is because the solid solution between pyrope
and grossular garnet is non-ideal and causes non-linear
elasticity, which has a more significant influence on
the partitioning of larger ions; that is, the LREE
(Ballaran et al., 1999). However, over the range of grossular
contents present in pyrope garnets from mantle peridotites
(Py70^80Al17^20Gr8^14) fractionation of DGrt�melt

LREE=HREE values
is small. In the Finsch lherzolitic garnets there is a reason-
able correlation between Ca and LREE and HREE
contents (Fig. 5) confirming that REE substitution is
dependent on the amount of Ca in the X-cation site of
these garnets. Such a relationship does not exist, however,
when sub-calcic (harzburgitic) garnets are included in the
dataset. This suggests that it is not simply the Ca content
and hence pyrope:grossular ratio that controls the REE
patterns of peridotitic garnets.
When garnets present in both lherzolitic and harzburgi-

tic parageneses at Finsch are considered, the LREE show
a much better correlation with Cr/Ca than Ca content
(Figs 5 and 6). The relationship between Cr3þ and REE
fractionation does not appear to be a charge-balancing
effect of the trivalent REE in the garnet X-cation site, by
substitution of Al3þ in the Z site, because there is no Si4þ

deficiency and Al3þþ Cr3þ �2 cations per formula unit.
Significant substitution of Al by the larger Cr cation will,
however, increase the effective radius of the garnet octahe-
dral Y site and cause a large amount of distortion of the
garnet framework. This will result in enlargement of the
X-cation site (VanWestrenen et al., 2000). Such behaviour
appears to be exemplified by the Finsch garnets, where
there is greater preferential substitution of large cations
(i.e. Sr and the LREE) in the high-Cr garnets. It may
also explain the apparent restriction of high Sr contents
(430 ppm) to G10 garnets (Pearson et al., 2003).
Our findings agree with the results of the experimental

study of Wang et al. (1998), who examined the influence of
Cr on garnet^melt REE partitioning by undertaking high-
temperature (1900^21008C) and high-pressure (7�5 GPa)
experiments on garnets doped with variable amounts of
Cr2O3 (0^14wt %). The results of their study suggest that
DGrt�melt

LREE values increase with, and are more affected by,
Cr content than DGrt�melt

HREE values. Furthermore, the large
amount of substitution of Al3þ by Cr3þ in the sub-calcic
garnets present in the Finsch xenoliths and diamond inclu-
sions would limit the replacement of Al in the garnet
Y-cation site byTi, Zr and Hf. This is consistent with the
observations that we have outlined above and would
account for the relative depletions of these trace elements
on a normalized multi-element plot (Fig. 3).

P^T^X dependence
Experiments producing lherzolite assemblages have been
conducted at temperatures between 1425 and 17508C
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(e.g. Salters et al., 2002; Tuff & Gibson, 2007) and have gen-
erated pyrope garnets with variable CaO (3^6wt %), low
Cr2O3 (51�7wt %) and high Al2O3 contents (�22wt %).
These studies have shown that partitioning of the REE
into garnet is dependent on temperature as well as Ca
content. This is because contraction of the garnet lattice
during cooling causes an increase in elasticity, which
allows enhanced substitution of large cations into the
garnet X site. Hence the amount of Ca substitution by the
LREE in pyrope garnets crystallizing in equilibrium with
clinopyroxene decreases with increasing temperature. We
have shown above, however, that Ca shows a good correla-
tion with temperature only if the harzburgitic garnet data
are excluded, so, although this might explain variations in
LREE in the lherzolitic garnets, a different mechanism
is necessary to explain the high partitioning of LREE
into sub-calcic high-Cr garnets, such as those present in
F05JM9.
The Finsch garnets display a good correlation between

Cr, the LREE and also Cr/Ca ratio with temperature
(Fig. 14). The dependence of LREE concentrations on
Cr/Ca ratio is not readily apparent in lherzolitic garnets
because Cr contents are generally low. As a consequence,
lherzolitic garnets show reasonable correlations between
Ca and LREE, but in harzburgitic garnets, where Cr con-
tents are high and Ca contents low, this relationship breaks
down. Substitution of Cr3þ for Al3þ in the garnet Y-cation
site is known to decreasewithpressure and slightly with tem-
perature (Nickel,1989; Ryan et al.,1996; Gru« tter et al., 2006).

As temperature and pressure increase, the radius of the
garnet X-cation site will decrease and inhibit substitution
of large for small ions (such as Cr3þ for Al3þ); Sr and the
LREE will also fit less readily into the garnet structure
than the HREE.This may explain, to some extent, the rela-
tively low LREE concentrations in the high-pressure and
-temperature Finsch lherzolitic garnets (Figs 6c,d and14d).
Another important factor that may have influenced

trace-element concentrations and ratios in the Finsch gar-
nets may be bulk-rock composition. The subcalcic garnets
occur in harzburgites, which are present at shallower
depths than the lherzolites. It might be argued that the
lack of clinopyroxene results in the LREE and Cr parti-
tioning more readily into the harzburgitic garnets. Griffin
et al. (1999c) showed that there is a negative relationship
between garnet Cr2O3 content and bulk-rock Al2O3.
Bulk-rock Al2O3 will be influenced by the degree of partial
melting involved in the initial formation of the lithospheric
mantle, but it will also be affected by the degree of subse-
quent metasomatism (see below). The amount of metaso-
matism is dependent upon pressure and temperature as
well as the volume and composition of the infiltrating
melt or fluid. Small volumes of metasomatic melts or
fluids will readily lose heat to their surroundings such that
their ascent may be limited and enrichment will be con-
centrated at the base of the lithosphere. At Finsch, where
we see a continuous variation in both REE patterns and
also equilibration pressures and temperatures, we believe
that both crystal chemistry and bulk-rock composition are
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important in determining the partitioning of LREE into
garnets. Elsewhere, the situation may be much more com-
plex, and it may be fortuitous that at Finsch, where there
have not been multi-phase metasomatic events, we have
been able to see this relationship. Further studies of
unzoned garnets from xenoliths with well-constrained PT

estimates are required to establish the significance of one
or both of these processes in LREE partitioning.

Garnet crystallization and HREE
fractionation
Sinusoidal chondrite-normalized REE patterns with posi-
tive HREE slopes characterize pyrope garnets that occur
in clinopyroxene-free Finsch peridotites and all occur in
xenoliths that last equilibrated at temperatures 511008C
(Fig. 4). As we shall show below, the harzburgites appear
to represent the residue of large-degree polybaric melt
extraction predominantly in the spinel stability field
(1�5 GPa). Because of the absence of residual garnet, at
such low pressures and large degrees of partial melting,
we believe that it is unlikely that the positive HREEn

slope is linked to the mantle melting event that caused the
initial formation of the harzburgite (see Stachel et al.,1998).
Instead, we examine the role of metasomatic agents that
may have infiltrated the harzburgites after their formation
and caused the HREE fractionation.
Figure 12 shows that the partitioning of Yb, Tm and Lu

relative to Er is very different for garnet and clinopyrox-
ene. In clinopyroxenes these elements, and also the LREE
and MREE, have lower D values than Er, whereas garnets
exhibit a negative correlation between ionic radius and
D value for all of the REE. This is because the effective
radius (ro) of the cation site into which the REE partition
in clinopyroxene is �0�1nm (i.e. Er) whereas in pyrope
garnets ro is �0�09 nm (i.e. Lu). Additionally, Harte et al.
(1996) have shown from studies of mantle xenoliths that
DCpx/Grt ratios for most of the REE are strongly tempera-
ture dependent; DCpx/Grt values for large ions such as Nd
exhibit a negative correlation with temperature whereas
elements with a smaller ionic radius (such as Lu) have
a positive correlation. DCpx/Grt for Er, however, exhibits
very little variation so that [Nd/Er]n and [Er/Lu]n ratios
for garnets in equilibrium with clinopyroxene show oppo-
site trends when plotted against temperature (Fig. 15). At
first sight this may explain why pyrope garnets from
Finsch xenoliths exhibit differences in their HREE ratios.
It might be assumed that when clinopyroxene ceased to
crystallize (i.e. in the lower temperature Finsch peridotite)
there would be more Tm, Yb and Lu relative to Er in the
melt available for partitioning into garnet; this would pro-
duce sinusoidal chondrite-normalized REE patterns with
[Nd/Er]n 	1 and [Er/Lu]n �1. However, because the
HREE are incompatible in clinopyroxene (i.e. DCpx^melt

values are51, Fig. 12), the lack of clinopyroxene crystalliza-
tion from the melt has little effect on HREE ratios.

What might be more important is the amount of garnet
that fractionates from the melt because DGrt��melt

HREE values
vary between one and 10. As the amount of garnet crystal-
lization from the metasomatic melt increases so does the
HREE fractionation both in the melt and in the garnets
that are in equilibrium with it. Hence garnets that
equilibrate at low temperatures with percolating and
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crystallizing metasomatic melts may have relatively frac-
tionated HREE ratios. This is consistent with evidence
from LREE that the sub-calcic garnets in the Finsch harz-
burgite xenoliths have undergone some metasomatism.

EVOLUTION OF THE
L ITHOSPHER IC MANTLE
BENEATH THE WESTERN
MARGIN OF THE KAAPVAAL
CRATON
We have reconstructed the bulk-rock compositions of the
Finsch xenoliths by combining estimates of modal

mineralogy with major- and trace-element mineral chem-
istry (Table 5).This type of bulk-rock reconstruction is sen-
sitive to any heterogeneity in modal mineralogy but was
chosen in preference to bulk-rock analysis because it over-
comes: (1) secondary metasomatic effects related to infiltra-
tion of kimberlite melt (e.g. Hawkesworth et al., 1983;
Simon et al., 2007); (2) hydrothermal alteration and serpen-
tinization, which causes loss of K, Rb, etc. and introduc-
tion of FeO, CaO, TiO2 (Boyd et al., 1997) and SiO2. As
might be expected from their variations in modal mineral-
ogy and mineral chemistry, the Finsch xenoliths exhibit a
wide range of bulk-rock compositions. The harzburgites
have the lowest concentrations of CaO, Al2O3, FeO, TiO2

and LREE, and are the most ‘depleted’ (e.g. Fig. 16).

Table 5: Comparison of reconstructed whole-rock compositions of Finsch xenoliths with a Low-Tand fertile peridotite

Low-T Fertile

Low-Cr garnet lherzolite High-Cr garnet lherzolite Dunite Harzburgite peridotite peridotite

BD3692 BD3693 F05JM6 F05JM2 F05JM1 F05JM10 F05JM7 F05JM4 F05BD3694 F05JM8 F05JM5 F05JM9 FRB1402 KR-4003

SiO2 46�29 45�42 43�93 43�68 42�90 43�31 44�04 47�25 44�11 43�83 41�53 42�62 44�66 44�90

TiO2 0�04 0�03 0�03 0�05 0�02 0�04 0�03 0�02 0�01 0�01 0�03 0�02 0�03 0�16

Al2O3 1�03 1�18 1�36 1�80 0�72 0�96 0�79 1�23 0�47 0�55 0�52 0�18 0�95 4�26

Cr2O3 0�24 0�28 0�33 0�37 0�30 0�31 0�28 0�43 0�28 0�34 0�63 0�20 0�41

FeO 6�95 7�12 7�49 8�25 8�44 7�63 7�94 6�71 7�06 6�67 8�17 7�22 6�72 8�02

MnO 0�12 0�10 0�12 0�13 0�12 0�12 0�14 0�11 0�10 0�10 0�12 0�10 0�09 0�13

MgO 44�38 44�93 45�30 44�57 46�85 46�46 46�41 43�05 47�44 47�68 48�81 49�75 46�61 38�12

NiO 0�31 0�33 0�32 0�32 0�35 0�35 0�31 0�26 0�34 0�33 0�36 0�38 0�24

CaO 0�88 1�07 1�29 0�90 0�45 0�77 0�49 0�78 0�28 0�31 0�36 0�11 0�31 3�45

Na2O 0�12 0�16 0�09 0�07 0�04 0�08 0�06 0�08 0�05 0�02 0�03 0�03 0�09 0�22

K2O 0�001 0�002 0�004 0�001 0�001 0�001 0�06 0�09

Sc 3�00 7�81 5�82 9�43 3�93 7�93 7�43 10�53 2�51 2�51 7�96 5�63

Sr 0�85 1�26 1�06 1�78 0�81 0�92 0�77 3�36 0�10 0�39 1�50 0�18

Zr 0�85 1�26 1�06 1�78 0�81 0�92 0�77 3�36 0�10 0�39 1�50 0�18

La 0�220 0�363 0�176 0�031 0�022 0�039 0�039 0�053 0�002 0�003 0�005 0�001

Ce 0�652 1�051 0�531 0�116 0�071 0�145 0�169 0�231 0�020 0�032 0�051 0�018

Pr 0�077 0�119 0�055 0�020 0�013 0�027 0�025 0�037 0�005 0�008 0�016 0�005

Nd 0�294 0�374 0�209 0�121 0�069 0�145 0�115 0�179 0�037 0�049 0�134 0�038

Sm 0�064 0�083 0�052 0�069 0�020 0�053 0�028 0�049 0�010 0�017 0�065 0�008

Eu 0�025 0�030 0�019 0�030 0�006 0�020 0�011 0�020 0�003 0�006 0�025 0�002

Gd 0�088 0�104 0�072 0�103 0�023 0�067 0�038 0�068 0�009 0�017 0�069 0�006

Tb 0�014 0�019 0�013 0�020 0�004 0�011 0�007 0�010 0�001 0�003 0�009 0�001

Dy 0�102 0�120 0�103 0�145 0�030 0�082 0�050 0�057 0�010 0�018 0�048 0�003

Ho 0�023 0�029 0�025 0�033 0�006 0�017 0�010 0�011 0�002 0�003 0�009 0�001

Er 0�071 0�092 0�082 0�102 0�019 0�051 0�030 0�023 0�007 0�011 0�025 0�002

Tm 0�011 0�014 0�014 0�017 0�004 0�007 0�004 0�003 0�002 0�002 0�004 0�000

Yb 0�078 0�094 0�096 0�116 0�028 0�058 0�033 0�028 0�011 0�013 0�030 0�003

Lu 0�012 0�015 0�016 0�019 0�005 0�009 0�005 0�005 0�002 0�003 0�005 0�001

Mg-no. 91�74 91�65 91�32 90�41 90�64 91�37 91�06 91�77 92�11 92�53 91�23 92�28 92�32 89�26

Mg-number¼Mg/(Mg þ Fe) � 100 and assumes that all Fe is present as FeO. Data for FRB1402 and KR-4003 are from
Boyd et al. (1993) and Walter (1998), respectively. Whole-rock compositions were reconstructed using modal analyses
from Table 1 and mineral analyses presented in Table 2.
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Concentrations of these magmaphile oxides and elements
are greatest in the lherzolites, especially BD3692 and
BD3693, but are less than those present in fertile mantle
(Table 5).

Melt depletion: formation of Finsch
harzburgites
Finsch garnet harzburgite F05JM9 is characterized by
high bulk-rock Mg-number (0�923), moderate FeO
(7�22wt %), and low SiO2 (42�6wt %), Al2O3 (0�18wt %)
and CaO (0�11wt %; Table 5) relative to fertile mantle
peridotite. Herzberg (2004) has recently parameterized
the results of experimental studies on fertile peridotite to
calculate the compositions of residues that form during
polybaric melting of upwelling mantle (Fig. 17). A compari-
son of the estimated abundances of Al2O3, SiO2, FeO and
MgO in the Finsch harzburgite with the melt trajectories
calculated by Herzberg (2004) indicates that F05JM9 may
represent the residue of extensive (�40%), polybaric melt-
ing of fertile peridotite (Fig. 17). Figure 17 suggests that in
upwelling convecting mantle such large-degree melting
would start at 4�5 GPa and continue until 1�5 GPa. The
high-pressure melts would be in equilibrium with garnet
whereas at the top of the melting column spinel would
be the stable aluminous phase, although it is likely that
most of this would have been exhausted at such large
degrees of partial melting. If we assume that the upwelling
mantle had a composition similar to a fertile peridotite,
such as KR4003, then intersection of the solidus at 4�5 GPa
corresponds to a potential temperature (Tp) of �15508C
(Fig. 18). During the Archaean, such a Tp would have
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been similar to that of ambient convecting mantle
(Richter, 1988) and does not support hypotheses that
invoke harzburgites as residues of high-pressure and
-temperature melting in upwelling mantle plumes
(Pearson et al.,1995a; Herzberg,1999; and see below).
The extremely low contents of CaO in garnet

(51�42wt %) and Al2O3 in orthopyroxene (50�66wt %),
together with the high Mg-number of olivine and ortho-
pyroxene (up to 95�5) in Finsch diamond inclusions
(Gurney et al., 1979; Tsai et al., 1979; Richardson et al.,
1984), indicate that the lithospheric mantle beneath the
western Kaapvaal may have undergone even larger
amounts of melting than we have estimated for harzburgite
F05JM9. The diamond inclusions would have been
shielded from any post 3�3 Ga melt enrichment events and
it may be that harzburgite F05JM9 has undergone slight
modification by cryptic metasomatism, post diamond for-
mation as discussed above. Re^Os ages, determined on
whole-rock samples and sulphide inclusions from both
lherzolitic and harzburgitic Finsch xenoliths, confirm that
this melt depletion event occurred prior to �3 Ga (Pearson
et al., 1995a; Griffin et al., 2004).
We used the following equation to calculate the concen-

tration of elements in the aggregate fractional melt that
generated a residue with the composition of the Finsch
harzburgite:

Co ¼ FCl þ ð1� FÞCs

where Co is the concentration in the original mantle
source (which we have assumed to be similar to KR4003;
Walter, 1998), F is the mass fraction of the aggregate melt,
Cl is the concentration in the aggregate melt and Cs is the
concentration in the solid residue (i.e. F05JM9, Table 5).
Because the amount of melting we have estimated from
harzburgite F05JM9 is a minimum, estimates of the com-
position of the extracted melt will contain less MgO but be
richer in CaO and Al2O3 than the actual melts. Our cal-
culations suggest that the aggregate melt, which left
F05JM9 as a final residue, contained �20wt % MgO,
9�5 wt % FeO, 9�66wt % CaO, 11�84wt % Al2O3 and
49wt % SiO2. This is similar to a Hawaiian picrite,
although subtle differences in some oxides (e.g. Al2O3)
reflect the shallower top of the melt column and slightly
higherTp involved in the formation of the Finsch residue.
We envisage that the residue formed in an Archaean
spreading-ridge environment.
The most plausible explanation for the origin of the high

Cr-number, sub-calcic garnets present both in Finsch dia-
mond inclusions and peridotite xenoliths (e.g. F05JM9) is
that they formed during lithospheric thickening, rather
than that they are residual phases of an early melting
event (i.e. they are metamorphic). In rare peridotite xeno-
liths, pyrope garnet can be seen exsolving from orthopyr-
oxene (Cox et al.,1987; Dawson, 2004) but these garnets are
characterized by low Cr2O3 contents (�2�5wt %) and
thus unlike the ones that occur in the Finsch harzburgites.
Previous studies have shown that high-Cr pyrope garnets
must have formed from a melt residue with a high
Cr-number (430). Because the KdCr=AlGrt�melt value
is �1 (Canil & Wei, 1992), residues with such high
Cr-number are not able to form as a result of melting in
the garnet stability field (Stachel et al., 1998). Melt deple-
tion in the spinel stability field can, however, produce a
residue with a Cr-number as high as 42 (Tainton &
McKenzie, 1994). The wide variation of garnet Cr contents
might indicate variable modal amounts of Cr spinel in the
original melt residue, although we believe that, in general,
the modal amount of Cr-spinel would be low, such that
only a small amount of garnet would form. Such pressure-
induced transformation of the aluminous phase would
theoretically also consume two pyroxenes and produce
mantle rich in olivine and low in orthopyroxene (Johnson
et al., 1990):

2 � 5MgSiO3 þMgAl2O4 þ 0 � 75CaMgSi2O6

¼Mg2SiO4 þ Ca0�75Mg2�25Al2Si3O12:

orthopyroxeneþ spinelþclinopyroxene¼olivineþgarnet

Clinopyroxene would not, however, be present in a residue
generated by very high degrees of partial melting (see
above) and this would limit the amount of Ca available
for partitioning into garnet during cratonization.
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This would explain the very low Ca contents of the pyrope
garnets in the Finsch diamond inclusions (Fig. 2); the com-
positions of some of these may be represented by the
reaction

4Fe0�05Mg0�95SiO3 þ Fe0�27Mg0�73Cr0�7Al1�3O4

þ 0 � 05CaFe0�1Mg0�9Si2O6 ¼

orthopyroxeneþ spinelþ clinopyroxene

Fe0�12Mg1�88SiO4 þ Ca0�05Fe0�36Mg2�67Cr0�7Al1�3Si3O12:

olivineþ Low-Ca pyrope garnet

Spinel harzburgite would also have very low concentra-
tions of REE and this would further limit REE partition-
ing into the sub-calcic garnets and explain the extremely
low (sub-chondritic) abundances of REE in the harzbur-
gites (Table 5).

Significance of Low-T Finsch peridotites
The Kaapvaal lithospheric mantle is believed to predomi-
nantly consist of Mg- and enstatite-rich (20^45%), coarse
garnet peridotites that last equilibrated at low tempera-
tures (below 11508C); these have been termed Low-T peri-
dotites (Boyd & Mertzman, 1987; Boyd, 1989). Samples of
Low-T peridotites from the Kaapvaal and Siberian cratons
have been noted for their high Mg-number at a given
modal olivine content relative to samples from oceanic
lithosphere (abyssal peridotites and ophiolite tectonites;
Fig. 19).The high Mg-number of Low-Tcratonic peridotites
has been widely attributed to their origin as residues of
very high amounts of partial melting, as a consequence of
elevated Archaean mantle temperatures (Boyd, 1989). The
Low-T Finsch peridotites are significant because they have
much higher modal olivine (up to 96%) than has pre-
viously been estimated for Low-T peridotites (585%)
from other parts of the Kaapvaal craton (Hawkesworth
et al., 1983; Boyd & Mertzman, 1987; Boyd et al., 1997;
Gre¤ goire et al., 2003; Simon et al., 2007). Nevertheless,
Low-T peridotites with very high modal olivine contents
(up to 98�5 modal %) have recently been discovered from
the Greenland and Slave cratons (Bernstein et al., 1998;
Schmidberger & Francis, 1999). These are similar to the
Finsch Low-T peridotites although, with the exception of
the garnet harzburgite (F05JM09), the Finsch samples
have slightly less Mg-rich olivine at a given modal per
cent olivine (Fig. 19).
The high modal olivine content of the Finsch Low-T

peridotites is compensated by low modal orthopyroxene
(517%). Other Kaapvaal (and also Siberian) craton
Low-T peridotites have an average of �30% orthopyrox-
ene (Boyd, 1989). This is higher than has been observed in
residues of partial melting experiments of anhydrous fertile
peridotites (525%; e.g. Walter, 1998), and in numerical

models of polybaric mantle melting of anhydrous perido-
tites (Herzberg, 2004).
The large variation in modal olivine (40^85%) and high

contents of orthopyroxene in Low-T Kaapvaal peridotites
have been attributed to: (1) large-degree melting of perido-
tite at high pressures (Boyd, 1989; Herzberg, 1999); (2)
metamorphic differentiation (Boyd, 1989); (3) coarse layer-
ing in the lithospheric mantle as a result of cumulate sort-
ing (Herzberg, 1993); (4) metasomatic replacement of
olivine by orthopyroxene (Boyd et al., 1993; Kelemen et al.,
1998). In contrast, the unusually low modal orthopyroxene
contents of the Finsch Low-T peridotites are consistent
with those calculated for residues of melt extraction.
We believe that the Low-T Finsch peridotites are impor-

tant end-members in models of the multi-stage evolution of
the Kaapvaal lithospheric mantle. Figure 17 shows that, if
the bulk-rock composition of Finsch harzburgite (F05JM9)
is representative of the initial Kaapvaal lithospheric
mantle residue, the increase in modal orthopyroxene evi-
dent in other Low-T peridotites may be associated with
an increase of up to �4wt % SiO2. A simple increase in
modal orthopyroxene with a composition similar to that
present in the Kaapvaal Low-T peridotites (as a result of
SiO2 addition) does not, however, satisfactorily account
for either the elevated contents of Al2O3 (0�7^2�46wt %)
and CaO (0�31^1�36wt %) of these xenoliths relative to the
Finsch harzburgite (0�18wt % Al2O3 and 0�11wt % CaO;
Fig. 16) or the depletion in FeO and MgO. The Al2O3

88

89

90

91

92

93

94

95

405060708090100

Modal olivine

O
liv

in
e 

M
g

#

East
Greenland

Slave

Siberia Kaapvaal

F05JM9

Silicate melt-rock reaction

Oceanic trend

Low-T Finsch peridotites
High-T Finsch peridotites

Fig. 19. Plot of modal per cent olivine vs olivine Mg-number ([Mg/
(Mg þ Fe)]� 100) after Boyd (1989) for Low-T Finsch peridotites
(filled squares) and higher temperature Finsch peridotites (open dia-
monds). It should be noted that, unlike other xenoliths from the
Kaapvaal craton, some of those from Finsch plot at the high
Mg-number end of the ‘oceanic trend’ of Boyd (1989). Data sources:
Tables 1 and 2; Hawkesworth et al. (1983); Boyd & Mertzman (1987);
Boyd (1989); Boyd et al. (1997); Bernstein et al. (1998); Schmidberger &
Francis (1999); Gre¤ goire et al. (2003); Simon et al. (2007).

JOURNAL OF PETROLOGY VOLUME 49 NUMBER 10 OCTOBER 2008

1844

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/49/10/1817/1426042 by guest on 21 August 2022



contents of the orthopyroxene in the Kaapvaal Low-T
peridotites are similar to those at Finsch (50�8wt %), pre-
sumably because they equilibrated along similar geother-
mal gradients in the garnet stability field. The increase in
Al2O3 of the Kaapvaal Low-T peridotites may be due to
either addition of orthopyroxene that originally contained
�4wt % Al2O3 [i.e. similar to the composition of
orthopyroxene in equilibrium with spinel rather than
garnet peridotite (Fig. 17b)] or introduction of additional
phases, such as spinel, garnet and/or phlogopite (Bell
et al., 2003).

MELT^ROCK REACT ION:
METASOMATISM AND
LHERZOLITE FORMATION
The role of metasomatic melts vs fluids involved in the
LREE enrichment of sub-calcic garnets remains controver-
sial (e.g. Stachel & Harris, 1997; Burgess & Harte, 2004;
Stachel et al., 2004). Stachel and co-workers have argued
against the role of melts on the grounds that they would
freeze upon equilibration with the surrounding peridotite
and have proposed, instead, that the high LREE, and low
Ti, Zr, Y and HREE that characterize sub-calcic garnets
are related to a C^H^O-rich fluid. For H2O-rich fluids,
interconnectivity along grain boundaries is increased
considerably with increasing temperature and pressure
(Watson et al., 1990) and Stachel & Harris (1997) have
argued that metasomatism of sheared peridotites, within
the diamond stability field, could take place at subsolidus
conditions by H2O-rich fluids. Nevertheless, experiments
by Ono et al. (2002) have indicated that dihedral angles
for aqueous fluids are only5608 at pressures greater than
8^9 GPa. Percolation of fluids would therefore occur only
at pressures greater than those observed in the lithospheric
mantle. The experiments of Ono et al. (2002) involved a
pyrope-rich matrix and may not be wholly appropriate
for peridotites. Nevertheless, the low equilibration pres-
sures (3�5 GPa) that we have estimated for the Finsch harz-
burgites and their coarse^equant textures do not appear to
be conducive to the percolation of fluids.We therefore cur-
rently favour a mechanism involving metasomatic melts
to explain the trace-element characteristics of sub-calcic
Finsch garnets. We believe that the migration of these
melts through the lithospheric mantle would be enhanced
if they are volatile-rich and are of such a large volume that
they would not fully react with the surrounding peridotite.
Our model implies that this metasomatism is not directly
linked to Finsch diamond formation.
The wide variations in bulk-rock composition that we

have observed in the Finsch peridotite xenolith suite
appear to be the result of different degrees of metasoma-
tism of a harzburgite host. Our results indicate that, prior
to �120 Ma, the lithosphere beneath the western part

of the Kaapvaal craton had been pervasively metasoma-
tized between 180 and 130 km depth (Fig. 10). Lherzolites
from the base of the lithospheric mantle (e.g. BD3692,
F05JM6) appear to have undergone significant enrichment
in Fe, Ca, Al, Si, Mn, Na,Ti, Cr, REE, Sr,Yand Zr relative
to the ‘shallow’ harzburgites. The style of modal metaso-
matism beneath Finsch also varies with depth: both
Cr-diopside and garnet (G9) are present at depths
4130 km but Cr diopside is absent between 100 and
130 km. The continuous Ca vs Cr trends that we have
observed in the Finsch garnets have been reported from
other mantle xenolith suites and interpreted as evidence
either of progressive major-element depletion such that
high-Cr sub-calcic garnets (i.e. G10 garnets) found in harz-
burgites are residua of melt extraction from primary lher-
zolite compositions (Griffin et al., 1992; Gru« tter et al., 1999),
or of refertilization of harzburgites to form lherzolites
(Schulze, 1991; Griffin et al., 1999a; Burgess & Harte, 2004).

Metasomatic melt compositions
Previous studies have highlighted the fact that Cr-diopsides
and pyrope garnets in the same mantle xenolith appear
to have crystallized from melts of different compositions
(e.g. Jones, 1987; Simon et al., 2003). In some cases, this
may be an artefact of errors in garnet^melt partition coef-
ficients (Tainton & McKenzie, 1994). We have used the
DGrt^melt and DCpx^melt values defined inTable 4 to calcu-
late equilibrium melt compositions responsible for litho-
spheric mantle enrichment and lherzolite formation
beneath Finsch. Mantle-normalized compositions of these
melts are plotted in Fig. 20. This shows that the estimated
compositions of the equilibrium melts are extremely simi-
lar for both the Cr-diopsides and pyrope garnets present
in lherzolite F05JM7. The metasomatic melts are strongly
enriched in LREE (up to 500 � primitive mantle) and
large ion lithophile elements (LILE) and have depletions
at Th, Nb and Ti on mantle-normalized multi-element
plots. The LREE/HREE ratios of the melts appear to
increase with decreasing equilibration pressure such that
the compositions of melts estimated to be in equilibrium
with garnets in the diamond inclusions, High-Cr lherzoli-
tic and sub-calcic harzburgitic garnets have much steeper
normalized LREE/HREE patterns than those of the
Low-Cr lherzolitic garnets. When normalized to the com-
position of melts in equilibrium with the least enriched
xenolith (F05JM9) it can be seen that the greatest enrich-
ments in the high-pressure lherzolites are in the LREE,
HREE, Zr, Sr and perhaps Ti (Figs 21 and 22). The most
plausible interpretation of this difference in equilibrium
melt compositions is that the melts have undergone frac-
tional crystallization of both garnet and clinopyroxene
during their ascent. Garnets, and where present Cr-diop-
sides, record evidence of this melt^rock reaction in single
xenoliths. A similar percolation fractionation model was
proposed by Burgess & Harte (2004) to account for
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variations in garnet chemistry in Jagersfontein peridotite
xenoliths.

Age of lithospheric enrichment events
Richardson et al. (1984) have proposed that the Sr-isotopic
ratios of sub-calcic garnet inclusions from Finsch diamonds
required a two-stage melting model, involving melt
depletion and enrichment (immediately prior to 3�3 Ga
diamond formation). Concentrate sub-calcic garnets
(i.e. harzburgite paragenesis) from Finsch have higher
143Nd/144Nd (0�5112^0�512) and 87Sr/86Sr ratios (0�707^
0�732) than garnet inclusions in diamond (0�5109, 0�7035;
Richardson et al. 1984). 143Nd/144Nd and 87Sr/86Sr ratios
for a Low-Cr lherzolitic garnet are even higher (0�51295
and 0�7638; Pearson et al., 1995a). Sm^Nd model ages are
slightly younger for the concentrate sub-calcic garnets
(tCHUR¼1�3^3�1 Ga) than the diamond inclusions but
even younger for the lherzolitic garnet (tCHUR¼181 Ma).
Ages of the latter are very close to the time of entrainment
and emplacement of the Finsch kimberlite. The Sm^Nd
model ages and wide range of 87Sr/86Sr ratios indicate
that lithospheric enrichment, of variable styles, has
occurred both before and after 3�3 Ga diamond formation
beneath the western margin of the Kaapvaal craton.
Sm^Nd model ages for diopsides suggest that the
Kaapvaal lithospheric mantle was subjected to a major
metasomatic event at 1 Ga (Pearson, 1999) but if we
assume that the Sm^Nd model age for the Low-Cr lherzo-
litic garnet analysed by Pearson et al. (1995a) is representa-
tive of this paragenesis, then significant refertilization of
the base of the western Kaapvaal lithosphere may have
occurred more recently.

We note that the predicted compositions of metasomatic
melts in equilibrium with the clinopyroxene-free samples
have much higher concentrations of LREE and lower con-
centrations of Ti and HREE than the host 120 Ma Finsch
kimberlite (Fig. 20). Those in equilibrium with the
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lherzolites are more comparable. Nevertheless, variations
in garnet and clinopyroxene chemistry and modal abun-
dance of the peridotites must have occurred prior to
entrainment and ascent to the surface, otherwise more evi-
dence of textural and chemical disequilibrium would be
apparent. In this respect, the metasomatic enrichment
that we have identified at Finsch is distinctly different
from that which caused the formation of strongly zoned
garnets found in xenoliths entrained by the 90 Ma,
Group 1, Jagersfontein kimberlite (Burgess & Harte,
2004). Differences between lithospheric mantle sampled
by Group I and II southern African kimberlites from the
SWof the Kaapvaal craton have previously been proposed
by Griffin et al. (1999b, 2003). They suggested, from their
study based predominantly on garnet concentrates, that
Group II kimberlites sample less metasomatized litho-
spheric mantle than Group I kimberlites. Our findings for
Finsch are broadly consistent with this hypothesis.

CONCLUSIONS
(1) Mantle peridotite xenoliths from Finsch Mine provide a
rare insight into the evolution of the lithosphere beneath
the west of the Kaapvaal craton. They are important
because they were entrained by Group II kimberlites
and have not been subjected to the metasomatic event
that is evident in mantle xenoliths entrained by Group
I kimberlites (e.g. Jagersfontein, Wesselton, NW Lesotho).
This recent metasomatism appears to have caused
major- and trace-element disequilibrium in lithospheric
mantle phases, such as garnet and clinopyroxene
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Fig. 23. Schematic illustration of the melt depletion and enrichment
events in the lithospheric mantle beneath the western Kaapvaal
craton. (a) A comparison of the reconstructed bulk-rock compositions
of Finsch harzburgites with experimental data suggests that they may
represent residues of large amounts (�40%) of adiabatic decompres-
sion melting between 5 and 1�5 GPa, at a mantle potential tempera-
ture of 15508C. That temperature would have been similar to that of
ambient Archaean mantle (Richter,1988). Peridotitic garnets included
in diamonds from both Finsch and Kimberley have Nd model ages

of 3�2^3�3 Ga but are thought to have been derived from a source
�300 Myr older (Richardson et al., 1984). (b) These Nd model ages
are believed to mark the time of stabilization of part of the cratonic
nuclei (de Wit et al., 1992) although much of this may have occurred
later, in Neoarchaean times (Pearson, 1999; Pearson et al., 2002). The
chemistry of sub-calcic garnets indicates that prior to diamond forma-
tion, the lithospheric mantle had been subjected to enrichment in
LREE and LILE (this study, Richardson et al., 1984; Shimizu &
Richardson, 1987). (c) Major addition of subduction-related eclogite,
by tectonic imbrication or magmatic underplating, is thought to have
occurred on the eastern margin of the Kimberley block in the Late
Archaean (2�9 Ga; Richardson et al., 2001). Eclogitic garnets
in Finsch diamond inclusions give much younger (Proterozoic) ages
(Smith et al., 1991). Late Archaean subduction may also be responsible
for genesis of silica-rich melts that have reacted with olivine in the
overlying lithospheric mantle to form orthopyroxene-rich harzbur-
gites sampled at Kimberley (Bell et al., 2005); at Finsch the harzbur-
gites resemble residues that form in partial melting experiments on
fertile peridotite and these appear to represent a close approximation
to the composition of the earlyArchaean lithospheric mantle. (d) The
presence of low-Cr pyrope garnet and Cr-diopside in Finsch lherzo-
lites, which last equilibrated at pressures45 GPa, is evidence of ‘refer-
tilization’ of the base of the mechanical boundary layer. Equilibrium
melt compositions calculated for both phases are almost identical and
indicate their crystallization from small fraction melts, different in
composition to the host kimberlite. Both the low-Cr pyrope garnet
and Cr-diopside are chemically homogeneous, suggesting that they
formed prior to entrainment.
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(Griffin et al., 1999b; Simon et al., 2003; Burgess & Harte,
2004; S. A. Gibson et al., unpublished data).
(2) Our study shows that the amount of Cr-diopside pre-

sent in the sub-Finsch lithospheric mantle decreases consis-
tently with decreasingdepth.We interpret this as evidence of
reduced amounts of mantle metasomatism as low-volume
small-fraction volatile-rich melts ‘froze’ during their ascent
through the lithospheric mantle. As has been observed from
other parts of theKaapvaal craton, the deepest samples from
Finschare all garnet lherzoliteswhereas garnet harzburgites
were entrained from shallower depths. Pressure estimates
using theAl-in-Opx barometer of Brey et al. (2008) place the
lherzolite^harzburgite transition at�35^40 kbar.
(3) Variations in incompatible trace elements in garnet

and clinopyroxene from lherzolite xenoliths correlate with
those of major elements, such as Ca. However, this correla-
tion is not apparent in the harzburgitic garnets, where Ca
contents are low and concentrations of LREE are high.
The REE patterns of the garnets exhibit a systematic var-
iation from ‘smooth’ to ‘sinusoidal’ with increasing Cr/Ca
ratio. The variation in LREE may be due to changes in
crystal chemistry related to variations in pressure (and
temperature) and/or accompanying differences in bulk-
rock composition. The latter may reflect decreasing
amounts of mantle metasomatism with depth.
(4) The unusually low modal abundances of orthopyrox-

ene in the Finsch peridotites, compared with those from
elsewhere in the Kaapvaal craton, suggest that this part of
the lithosphere has not undergone the pervasive SiO2

enrichment experienced further east. The reaction of
silica-rich melt with olivine to form orthopyroxene is
believed to have occurred at �2�9 Ga and has been linked
with subduction zones, associated with the amalgamation
of the Kimberley andWitwatersrand blocks, and stabiliza-
tion of the Kaapvaal craton (e.g. Schmitz et al., 2004;
Simon et al., 2007). This silica enrichment has also been
linked by some to diamond formation (Bell et al., 2005). In
contrast, the low modal orthopyroxene contents in the dia-
mondiferous Finsch peridotites (Shee et al., 1982; Viljoen
et al., 1992) suggest that these processes are independent of
one another. The sub-Finsch lithospheric mantle would
have been remote from the subduction zone on the eastern
margin of the Kimberley block and this may explain the
lower modal amounts of orthopyroxene. The lithospheric
mantle sampled by the Kimberley kimberlites (Fig. 23)
would have been much closer to the subduction zone and
hence more susceptible to modification by slab-derived
melts and/or fluids. We believe that Finsch harzburgite
F05JM9 represents one of the most highly refractory xeno-
liths sampled from the Kaapvaal craton.
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